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Glioblastoma multiforme is the most 
malignant brain tumor. Its treatment 
is hindered by the side-effects caused 
by the systemic chemotherapy. By 
targeted therapy, treatment is guided 
specifically into the tumor. This the-
sis aimed to develop a new targeted 
administration method using avidin-
biotin technology. Avidin-fusion 
protein was characterized in several 
targeting and imaging studies. The 
results showed that targeting offers 
significant improvements for treat-
ment strategies. 
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ABSTRACT
Glioblastomamultiforme (GBM) ismalignant tumor of glial cells, which are supporting
cells responsible for theupkeepofhomeostasis, the formationofbloodbrainbarrier and
themechanisticsupportofnerves.GBMisthemostfrequentprimarybraintumorandthe
mostmalignantneoplasmofastrocyticorigincomprising1215%ofallintracranialand60
75 % of all astrocytic tumors. The treatment modalities have not improved in any
significantwayinthelastdecadesanddespitesomeveryrecentsuccessesincombination
therapyforGBM,the5yearsurvivalforpatients is lessthan9.8%.Onemainobstacleto
successfulGBMtreatmentistheundesiredsideeffectscausedbythesystemictreatmentas
onlyminorityof thedosagewill reach the tumor.Thiseventually leads to theuseof less
aggressive treatment and decreased patient survival. With targeted therapy, the
administereddosecouldbedeliveredmorespecificallyintothetumorarea,meaningthat
onecouldachievetherapeuticdosestothepathologicalregionbutnotexposeothertissues
toexcessivedosesofthesetoxiccompounds.
Avidinbiotin technology is basedon the endogenousproperty of avidin to effectively
bindbiotinwiththehighestaffinityofanytypeknownnoncovalentbinding(Kd=1015M).
Avidin,arathernontoxicproteinfoundonlyinbirds,reptilesandamphibians,isaperfect
tool for targetingmolecules inmammals as there areno interfering endogenous avidins.
Biotin, a common coenzymewithmultiple functions ofmammalian cells, can relatively
easily be attached to almost any molecule (biotinylation) without affecting the inherent
propertiesofthemolecule.Avidinbiotintechnologyhasalreadybeenusedinresearchand
diagnosticsfordecades.Wehavedevelopedalentiviralvectorthatexpressesavidinfusion
proteinconsistingoflowdensitylipoproteinreceptor(LDLR)andavidin.Theavidinfusion
proteincanbeexpressedonthecellmembranewhereitwilleffectivelybindandtakeup
biotinylatedmolecules.
In this study, the function of the avidinfusion protein was characterized in several
targetingandimagingstudiesinvitroandinvivo.Theviralvectorsareproducedwithhigh
yieldsandarerelativelynontoxictothehostcells.Furthermore,theavidinfusionprotein
was shown to efficiently bind biotinylated products and take up them. In addition the
receptor was recycled back to the cell surface. The avidinbiotin technology was
successfully utilized in targeting biotinylated drugfilled nanoparticles into cancer cells.
Avidinbiotin technology was also used to target radiotherapy that led to improved
survivalofratsinanimmuncompetentmalignantgliomamodel.Targetingwiththeavidin
fusionprotein isa robustsystemthatcanbeused in twosteppretargeting therapiesand
canpotentiallyoffersignificantimprovementsformulticomponentpretargetingstrategies.
The use of the avidinfusion protein and the broad spectrum of potential drugs and/or
markersavailablecanbeefficientlyusedtoachievetargetedtherapyofcancer.

NationalLibraryofMedicalClassification:QZ266,QZ380,WL358,WB340,QV785,QU470,QZ52
MedicalSubjectHeadings:BrainNeoplasms/therapy;Glioblastoma/therapy;DrugDeliverySystems;Avidin;
Biotin; Gene Therapy; Lentivirus; Semliki forest virus; Recombinant Fusion Proteins;
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TIIVISTELMÄ
Glioblastomamultiforme (GBM) kuuluu aivojen astrosyyttisolujen kasvaimiin, glioomiin.
Astrosyytitovataivojentukikudossolujajanemm.toimivathermokudoksenmekaanisena
tukena, osallistuvat homeostaasin ylläpitoon sekä ovat mukana muodostamassa veri
aivoestettä. GBM on yleisin pahanlaatuisista glioomista. Kaikista  kallonsisäisistä
kasvaimista noin 1215%  ja noin kolmasosassa astrosyyttisistä kasvaimista ovatGBM:a.
Lukuisista tutkimuksista huolimatta GBM:n hoito ei juurikaan ole kehittynyt viimeisten
vuosikymmenten aikana. Potilaiden keskimääräinen elinikä diagnoosin jälkeen on vain
noin 15 kuukautta ja 5vuotis eloonjäämisennustekin on vain 9,8%.  Yksi suurinGBM 
hoidonongelmaonsolusalpaajalääkkeidensysteemisenannostelunaiheuttamatsivuoireet,
sillä lääkeaineet vaikuttavat epäspesifisesti kaikkialla kehossa eikä ainoastaan kasvaimen
alueella. Tämän seurauksena hoitoa tulee rajoittaa tai pahimmassa tapauksessa lopettaa
kokonaan potilaan hyvinvoinnin turvaamiseksi, mikä mahdollistaa kasvainsolujen
selviämisen. Kohdennetun hoidon avulla lääkeannos voitaisiin ohjata spesifisemmin
kasvaimeenjanäinkohdistaalääkkeensytotoksinenvaikutussinneminneseolialunperin
tarkoitettu. Kohdennetun hoidon avulla voidaan huomattavasti parantaa lääkehoidon
taloudellisuutta,tehokkuuttajaturvallisuutta.
Avidiinibiotiini teknologiaperustuuavidiininominaisuuteen sitoa läheskovalenttisen
sidoksenvoimakkuudellaitseensäbiotiinia(Kd=1015M).Avidiinionlintujen,matelijoiden
ja sammakkoeläinten munista löytyvä proteiini, jonka uskotaan toimivan puolustajana
vapaatabiotiiniäkäyttäviämikrobejavastaan.BiotiinionvesiliukoinenvitamiiniB7, joka
toimii luonnollisena koentsyyminä monissa eri solujen prosesseissa. Biotiini voidaan
suhteellisenyksinkertaisesti lisätä läheskaikkiinmolekyyleihinvaikuttamattaolennaisesti
ko. molekyylin varaukseen, toimintaan tai kokoon. Näin muodostettua biotinyloitua
molekyyliä voidaan tehokkaasti hyväksikäyttää kohdennettaessa lääkeaineita
kasvainkudokseenavidiinibiotiiniteknologianavulla.
Olemme tutkineet fuusioproteiinia, joka koostuu solujen pinnalla ilmenevästä LDL
reseptorista jaavidiinista,useassakohdentamis jakuvantamiskokeessa invitro ja invivo.
Fuusioproteiininkuljetukseenkäytetytvirusvektorittuotettiinkorkeallasaannollajaniiden
eitodettuolevansoluillevaarallisia.Fuusioproteiinisitoijasiirsibiotinyloitujamolekyylejä
isäntäsolunsisälletehokkaasti,jonkajälkeensekierrätettiintakaisinsolukalvolle.Avidiini
biotiini teknologiaa käytettiin hyväksi kohdentamaan sytosalpaajilla täytettyjä
nanopartikkeleita syöpäsoluihin sekä kohdentamaan radioterapiaa eläinmallissa
aikaansaaden pidennetyn eliniän. Fuusioproteiini mahdollistaa ns. kahden askeleen
hoitoprotokollan, jonka avulla voidaan tehostaa ja yksinkertaistaa monia nykyisiä
kohdentamismenetelmiäsekätoimittaauseitahoitojakuvantamistarkoitukseenosoitettuja
molekyylejäsuoraansyöpäkasvaimeen.

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1Introduction
According to theWorldHealthOrganization (WHO) cancer is considered as the leading
causeofdeathworldwideaccountingfor13%ofalldeaths.Cancerincidenceisincreasing
every year due to the aging population and increasing cancerassociated lifestyles. The
AmericanBrainTumorAssociation estimates that 64,530newprimarybrain tumor cases
will havebeendiagnosedduring 2011 in theUnitedStates alone andof thesemalignant
gliomasarethemostcommonsubtypecomprising31%ofallprimarybraintumors.More
than half of all glioma patients will unfortunately be diagnosed for GBM, an astrocytic
tumor considered to be the most malignant and frequent primary brain tumor with an
overallglobalincidenceof34newcasesper100,000population,ameansurvivaltimeafter
diagnosisoflessthan15monthsanda5yearsurvivalrateoflessthan9.8%(Stuppetal.,
2009). The current treatment of GBM is considered as palliative, i.e. a noncurative
improvement in thequalityof life, thatconsistsofaggressiveconcomitantexternalradio
andsystemicchemotherapyregimensfollowedbyanadjuvantsystemicchemotherapy.As
theGBMgrowsinahighlydiffuseandinvasivepattern,surgicalresectionofthetumoris
virtually impossible. In addition, the heterogenous nature of the tumor tissue with
subpopulationsofradioandchemotherapyinsensitivecellscorrelateswithhypermutated
recurrencesofthediseaseforwhichnoeffectivetreatmentavailable(HochbergandPruitt,
1980,Niederetal.,2000).
ConventionalGBMtreatmentwithexternalradiotherapyandsystemicadministrationof
chemotherapeutic drugs is an extremely toxic regimen. It is based on on characteristic
functionofproliferatingtumorcellstoendocytosemoresubstancesfromtheextracellular
space or circulation than healthy brain paranchyme. In addition, due to the existence of
mutations that are commonlypresent inmalignant cells, these cells are considered to be
lesseffective inrepairingtheadditionalmutationscausedbythetreatmentregimen, thus
making them more sensitive to the treatment than healthy cells (Sompayrac, 2004).
However, the limiting factor in every type of cancer treatment is the severe side effects
causedbythecytotoxicitytothehealthycellsandorgans.
Targeted therapy is a field of cancer research that focuses on investigating different
therapies and methods that can guide the effects of antineoplastic treatments
simultaneously into the tumor tissue andaway fromhealthy, offtarget tissues.Targeted
therapy can be achieved by increasing the affinity of the drug for the tumor tissue or
decreasingitsuptakeintoofftargettissue.Inaddition,thedrugcanbemodifiedsothatit
isactiveonlyunderspecificconditionssuchasthosepredominantlypresent incancerous
tissues and in that way creating a treatment modality that has its effect mostly in the
malignanttumortissue.
Targeted therapywas first suggested in 1930s by Paul Ehrlich under the term magic
bullet,describingtheactionofantibioticstofightdiseasecausingmicrobesastheytargeted
thecauseofthedisease,yetsparedthehealthycells(StrebhardtandUllrich,2008).Inthe
1970s monoclonal antibody (Ab) technology was discovered enabling the production of
highly specific targeting moieties (Kohler and Milstein, 1975). Abs were initially linked
chemicallytoantineoplasticmoleculesbutthisrequiredcomplexchemistry,whichcaused
problemswithstabilityandaggregationof thecompounds.However, the introductionof
theavidinbiotintechnologyresultedinaplethoraofeasilyproducedandstableantibody
drug molecule combinations (Wilchek and Bayer, 1990). The avidinbiotin system is
characterizedbythespecificandhighaffinitybindingbetweenavidinandbiotinmoieties.
Furthermore, biotinylation of the therapeuticmolecules is relatively straightforward and
usuallydoesnotchangethepropertiesofthemolecule.
2

ThisthesisdescribesthedevelopmentofagenetherapeuticapproachfortargetedGBM
treatmentconsistingofafusionproteinoflowdensitylipoproteinreceptor(LDLR)andan
avidin moiety expressed on the cell membrane after viral transduction of the cell
(Lehtolainenetal.,2003,Leschetal.,2009).Therationalebehindtheavidinfusionproteinis
toexploittheinherentabilityoftheLDLRtoinduceendocytosisonceactivatedbybinding
of a biotinylated molecule to the avidin moiety in the extracellular side of the cell
membrane. Therefore, the avidinfusion protein enables the targeting of various
biotinylatedmoleculesintothetumortissueafterlocalgenetransferofthecells.
Inthisthesis,thenoveltargetedtherapiesweredevelopedtobeusedinthetreatmentof
GBM.Itdescribes theuseofanovelavidinfusionprotein for invitroand invivo therapy
and imagingpurposesaswell aspreparationofbiodegradable targetednanoparticles for
deliveringwaterinsolublechemotherapeuticdrugsspecificallyintothetumortissue.



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2Reviewoftheliterature
2.1 CLASSIFICATION OF BRAIN TUMORS 
Areliable classification system is crucial in thediagnosis of gliomas as it determines the
modeoftreatmentforthedisease.Gliomasoriginatefromnonneuronalglialcellsnormally
functioning as maintainers of homeostasis, producers of myelin and providers of both
supportandprotectionofneurons.Gliomasareusuallyclassifiedintogroupsaccordingto
glialcelltypeortumorgrade.However,tumorsofthebraincanalsobeclassifiedbytheir
location within the brain, such as supratentorial tumors which are situated above the
tentoriuminthecerebrumandinfratentorialmeaninginthecerebellum(Louisetal.,2007,
Louis,2007).
2.1.1Cellularorigins
Gliomas can be classified as ependymomas, astrocytomas, oligodendrogliomas ormixed
gliomas according to their cellular origins (Stewart, 2003, Ohgaki and Kleihues, 2005a,
Louis,2007).Ependymomasoriginatefromependymalcells,whichlinetheventriclesofthe
brainandspinalcord.Themorphologyofependymomasincludesregularlyshaped,round
toovalnuclei,densefibrillarybackground,formationofglandlikeorelongatedstructures
and perivascular pseudorosettes. Ependymomas account for about 5 % of all adult
intracranial gliomas, but are slightly more common in childhood gliomas, where they
comprise approximately 10 % of all cases. The majority of these tumors (85 %) are
myxopapillaryependymomasthatarecharacterizedasslowgrowingWHOgradeItumors.
Surgicalremovalisfavoredinthetreatmentofependymomas.However,unreachableand
malignant types canbe treatedwith radiotherapyor combination treatment consistingof
radiotherapyandchemotherapy.
Astrocytomas originate from starshaped glial cells, astrocytes, and are the most
common type of gliomas representing up to 75 % of all neuroepithelial tumor cases.
Astrocytomasaremostcommonlyfoundinthecerebrumbuttheycanoccurinanypartsof
thebrain,evenoccasionallyinthespinalcord.Astrocytomasdonotshowthetendencyto
spread outside of the brain. Astrocytic tumors can be further divided into two separate
classes; tumors with narrow zones of infiltration and those with diffuse zones of
infiltration.
Oligodendrogliomas are thought to originate from glial precursor cells called
oligodendrocytes.Oligodendrogliomasoccurprimarilyinadults(9,4%ofallCNStumors),
however, theyalsocanbeencountered inchildren (4%ofallprimaryCNStumors).The
morphology of oligodendrogliomas is that those are enlarged, round cellswith compact
nuclei anda small amountof eosinophilic cytoplasm.Tumors alsohave avasculature of
fine branching capillaries and a tendency to cluster around the neuronswhen invading
greymatter.Theclassificationofoligodendrogliomasrequiresabiopsyas theycannotbe
differentiatedfromotherlesionssolelybytheirclinicalsignsorradiographicappearance.
Mixed gliomas display characteristics of different classes of glial tumors, such as
oligoastrocytomasthatresemblebotholigodendrocyteandastrocyteoriginatedtumors.
2.1.2Gradingofgliomas
The most commonly used method to grade tumors of astrocytic origins is the WHO
gradingsystemthathas fourgrades forclassificationof tumoraggressivenessbynuclear
atypia, mitotic figures, microvascular proliferation and focal pseudopalisading necrosis
(Nakamura et al., 2007, Collins, 2004). Grades I and II are considered to be well
differentiated, nonanaplastic and benign tumors, whereas grades III and IV are

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undifferentiatedoranaplastic,malignanttumors.GradeI tumorshavealowproliferative
potential and complete resection of these localized tumors is usually possible. Grade II
tumors are generally considered as infiltrative by nature and have an atypical cellular
structure. Some tumors, such as diffuse astrocytomas,may progress to higher grades of
malignancy.GradeIIItumorsdisplayhistologicalevidenceofmalignancyincludingatypia,
mitotic activity and anaplasia. Grade IV tumors are cytologically malignant, mitotically
activeandexhibitmicrovascularproliferation.Thelesionsarepronetonecroticregionsand
are often associated with rapid pre and postoperative disease evolution and a fatal
outcome.
2.2 GLIOBLASTOMA MULTIFORME 
GBM is the most frequent primary brain tumor and the most malignant neoplasm of
astrocytic origin.WHO grade IV tumor includes histological findings of nuclear atypia,
cellular pleomorphism, mitotic activity, vascular thrombosis, microvascular proliferation
and necrosis. The de novomanifestation of primaryGBMwithout precursors is typically
foundinadultsandinthecerebralhemispheres,whereassecondaryGBMusuallydevelop
slowly fromdiffuse astrocytomas or anaplastic astrocytomas.Due to the highly invasive
natureofGBMs, complete resection isvirtually impossible,which leads to ahigh rateof
recurrencesandlowoverallsurvivalinthesepatients.
2.2.1Epidemiology
The incidence of primary GBM is 3.55 cases per 100,000 in Europe andNorth America,
while secondary GBM are much more rare, having an incidence of only 0.2 cases per
100,000(OhgakiandKleihues,2007).AlthoughGBMcanmanifestatallages,mostcasesof
primaryGBMare found in adults between 4575 yearswith over 80% ofGBMpatients
beingover50yearsold(mean61.3years)bythetimeofdiagnosis(OhgakiandKleihues,
2005b).SincesecondaryGBMdevelopfromlowergradeprecursortumors,theytendtobe
diagnosedearlier,withameanageof45years.PrimaryGBMaremorecommoninmales,
withamale:female–ratioof1.33,whereasthesecondaryGBMismoreoftendiagnosedin
females (m/f ratio 0.17) (Godard et al., 2003). PrimaryGBMare characterized by a rapid
onsetandprogressof thedisease,due to itsdenovomanifestationandaggressivenature.
ThemedicalhistoryofprimaryGBMpatientsisgenerallyshort,lessthan3monthsin68%
of the cases (Ohgaki and Kleihues, 2005b). The slowly progressive nature of secondary
GBM,however,meansthatitcanhavemuchlongerclinicalhistoriesinpatients,5.3yearsif
derivedfromgradeIItumoror1.4yearsiffromgradeIIItumor.
2.2.2Etiology
Therearevariousgeneticalandenvironmental factors thatcontribute to increasedriskof
GBM. Genetic and/or hereditary diseases, such as neurofibromatosis (NF), tuberous
sclerosis, VonHippelLindau disease, LiFraumeni and Turcot syndromes are known to
affecttherateofdiagnosedgliomasinpatients(ReussandvonDeimling,2009).
NFisanautosomaldominantdiseasecharacterizedbytumorgrowthinnerves(Lauet
al.,2008,Evansetal.,2011).NFconsistsoftwodistincttypes,NF1andNF2,ofwhichNF1
occursmorefrequently(90%ofcases),yethaslessimpactongliomarisk.NF2hasapoint
mutation in theMerlin tumor suppressorgene leading to increased riskofbrain tumors.
Tuberous sclerosis is amultisystem genetic disease characterized bymutations in tumor
suppressorsTSC1,TSC2,orboth,leadingtogliomagenesis(Jahagirdaretal.,2011).Thetwo
autosomal dominant diseases, Von HippelLindau and LiFraumenis syndrome have
mutations invHLandp53tumorsuppressors,respectively(Olivieretal.,2003,Blouwet
al., 2007). Turcot syndrome, or mismatch repair cancer syndrome, is an autosomal

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dominantdisorderwithbiallelicDNAmismatchrepairenzyme(Lebrunetal.,2007).Turcot
syndrometype1leadstoGBMwhereasthetype2usuallycausesmedulloblastomas.
AlthoughGBMisnotconsideredasahereditarydisease,somestudiespointtoafamilial
aggregation of glioma incidence accounting for 2  5 % of all cases. The tendencies to
develop disease have been studied in glioma prone families suggesting an autosomal
dominantinheritancein1%ofthecaseswhencomparedtothecontrolcohort(Malmeret
al.,2001,Malmeretal.,1999,Hemminkietal.,1999).
Several environmental factors are suspected as increasing the risk of inducingglioma.
However, for none of them, with the exception of ionizing radiation, has a clear causal
relationship beendemonstrated (Schwartzbaum et al. 2006). Israeli childrenwere treated
with16Gydosesofradiationduetotineacapitis,aninfectionofthescalp(Saengeretal.,
1960).Duringfollowupofthechildren,asignificantlyincreasedriskofmeningiomaswas
observed. The risk of developing gliomas was also elevated, though only marginally.
Severalstudieshaveshownthattherapeuticuseofradiation(averagedose32Gy,range4
90Gy)inthetreatmentofacutelymphoblasticleukemia(ALL)orothertumorirradiations
maycausesecondarytumorstoemergeseveralyearslater(averagelatency9.6years,range
126years)(Salvatietal.,2003,Salvatietal.,2008).However,whetherdiagnosticdosesof
ionizingradiationelevatetheriskofdevelopinggliomashasnotbeenstudiedthoroughly
enoughtoconfirmthissuspicioneitherway(Schlehoferetal.,1992,Ryanetal.,1992).
According to the monographs of the International Agency for Research on Cancer
(IARC, 19722012, volumes 1102), the effects of almost one thousand agents have been
studiedontumorsinhuman,ofwhichhalfarelistedascarcinogensand0.1%havebeen
suggested tohaveaweakassociationwithCNS tumors inhuman. In addition, there are
several known agents, such as aflatoxin B1, acrylamide, nitrosoureas, procarbazine,
dacarbazine and dimethyl sulfate, that are known to be able to induce brain tumors in
experimental animals. Recently, IARC added also radiofrequency radiation to the list of
carcinogenicsubstances.However,thistypeofradiationisnotassociatedwithanincreased
riskofglioma(IARC,2011).
Althoughdiethasnotshowncorrelationstogliomaincidence inhumans,studieshave
foundalinkinexperimentalanimals(Louisetal.,2007).Theonlydietarysourceassociated
withincreasedgliomaincidenceisNnitrosocompoundsthatareknowngliomainducers
inexperimentalanimals(Dubrowetal.,2010).Ahighproteinintakehasbeenlinkedwith
thecatabolismofNnitrosocompounds(Russelletal.,2011).Onthecontrary,consumption
of fruits, fresh vegetables and vitamin C is believed to be inversively associated with
glioma risk since compunds in those foods can inhibit the catabolism of Nnitrosourea
compounds(Holicketal.,2007).
Inaddition,severalpublicationshaveshownthathumancytomegalovirusisextensively
foundinhighgradegliomas(Strååtetal.,2009,Dziurzynskietal.,2011,Dziurzynskietal.,
2012). Although, cytomegalovirus is accepted to have an modulatory role in malignant
gliomas due to telomerase activation and immortalization of cells, its role as a potential
initiatorofgliomaisstillbeinginvestigated.
2.2.3Symptomsandpathology
TheclinicalhistoryofGBMpatientsishighlydependentonthetypeofthetumor.Sincethe
braindoes not have anypain receptors, the symptoms caused by brain tumors typically
appearatavery latestageof thedisease,at tumorsizesof3060g (DelSoleetal.,2001).
Brain tumors are considered lethal when the mass of the lesion exceeds 100 g. The
symptoms of central nervous system malignancies are caused by compression and
replacementoffunctionalbrainareasanddependgreatlyonthelocationofthetumor.For
example, a tumor in the spinal cord can cause numbness in the extremities, pain and
weakness while tumors in optic nerve can result in loss of vision. However, the most
commonsymptomsofGBMsareepilepticseizureswhichoccurinonethirdofthepatients,
as well as symptoms related to increased intracranial pressure (headache, nausea,

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vomiting),personalityandotherneurologicchangesduetointerferenceofthetumorwith
normalbrainfunctions.
GBM lesions are highly delineated showing peripheral proliferation and
pseudopalisading necrosis, a hypercellular tumor mass with a central area of necrosis,
which can occupy up to 80 % of the lesion (Louis et al., 2007). Tumor cells are
hyperchromatic, pleomorphic and have extensivemicrovascular activity suggesting high
proliferationrate,malignancyandincreasedinvasiveness.Hemorrhagesarealsofrequently
present, displaying several red and brown loci of recent and remote activity within the
tumor.Inaddition,cystscontainingliquefiednecrotictumortissuecanbefoundinGBM.
In the late stages of GBM, cerebral edema or raised intracranial pressure can lead to
herniationofthebrainandobstructionofthebloodsupply.
2.2.4Invasiveproperties
GBMinvadestissuesusuallyonlylocallywithinthebrain.MetastasisintoCSFiscommon
(20%),butextracranialmetastasisofGBMisveryrare(<1%).However,inthosecases,the
GBMtendstometastatizeintolung,pleura,lymphnodes,boneandliver(Zhenetal.,2010).
In addition, the multifocal (separate tumor cell populations) and multicentric
(subpopulationsofthesameindividualtumor)formsofGBMareexceptionalasonly25%
ofallhighgradegliomasarediagnosedassuch(Nakhletal.,2010).GBMinvasionsoccur
commonlyalongthebloodvessels,myelinatedaxons,membranestructures(basement,pia,
ependymalmembranes)andfibertracts.Invasionofthetumorcell(s)isacomplexcascade
of molecular interaction between the malignant cell and the brain parenchyma. There,
tumorcells firstestablisha receptormediatedadhesion to theextracellularmatrix (ECM)
proteins of the brain parenchyma via integrins. Second, tumor cells can secrete several
matrixdegrading proteases, such as metalloproteinases, serine proteinases and cysteine
proteinases,whichareenzymescapableofdestoyingtheECMproteins,therebycreatingan
open space. Tumor cells can then actively move into this newly formed space by
rearrangement of cytoskeletal structures and membrane synthesis (Giese andWestphal,
1996,DemuthandBerens,2004).
2.2.5Diagnosticmethods
The presence of gliomas is primarily diagnosed with noninvasive methods such as
magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) or
modalitiesbasedoncomputedtomography(CT,SPECT/CTandPET).Theseallowimaging
oforganicanatomicchangeswithinthepatientandthedetectionofchangesinmolecular
function (Table 1). Nevertheless, a histological analysis of the tumor biopsy sample is
usually required to confirm the exact type and grade of the tumor. GBM is most often
diagnosed in the subcorticalwhitematter of cerebral hemispheres, frequently infiltrating
adjacent lobes and the contralateral hemisphere via the corpus callosum. Lesions
commonly are localized to the frontal lobe (40 %), but other lobes are also affected
(temporal29%,parietal14%,deeperstructures14%andoccipital3%)(Larjavaaraetal.,
2007). GBM rarely localizes in cerebellum or spinal cord, and intraventricularGBMs are
exceptional.Althoughrare inadultpatients, inchildren,GBMcanalsobe found inbasal
gangliaorthebrainstem.GBMsareoftenquitelargeatthetimeofthediagnosis,possibly
occupyingalargepartofthelobe.Thelesionsareusuallyunilateral,althoughinthebrain
stemandcorpuscallosum,theycanbebilaterallysymmetrical.
Direct signsofgliomas in thediagnostic imagesare thehighwater content, regressive
eventsandthevasculararchitecture(DelSoleetal.,2004).Since6090%ofthecelliswater,
a rapidly growing cellular lesion has a higherwater content than the surrounding brain
parenchyma. Thewater content of a lesion is important factor in tumor grading as high
grade tumors also tend to have a low nucleustocytoplasm ratio in comparison to low
grade tumors as well as a higher risk of vasogenic edema surrounding the lesion.
Regressive events, such as cysts, necrosis, hemorrhage, calcifications and fatty acid

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degeneration are important diagnostic factors, as cysts are more common in low grade
tumorswhereasnecrosisandfattyaciddegenerationcausedbythetumoroutgrowingthe
bloodsupplyaresignsofmalignancy(Louisetal.,2007).Smallhemorrhagesarecommon
withinthetumorsandsome,likeGBM,characteristicallybleed.Calcificationsoftumorsare
verycommonafterirradiation.
Theindirectsignsoftumors,suchasmasseffectandedemacanalsobediagnosedfrom
theimages(DelSoleetal.,2004).Themasseffect,themaincauseofherniationinthebrain,
is attributable to the tumor growth within the limited cranial space and manifests as
displacement and destruction of other parts of the brain. Tumor cells release proteases
whichincreasethepermeabilityofproteinsthroughthebloodbrainbarrier(BBB)andinto
the extracellular space which leads to osmotic edema that further displaces tissue,
ultimatelyleadingtolossofbloodflowanddeath.

Table 1. Imaging modalities used in glioblastoma diagnostics and in both clinical and research 
settings. (modified from Beckmann, 2006). 
 
Modality Basis Resolution Type Description 
MRI NMR 0.1 – 1 mm A, F High contrast and spatial resolution in soft 
tissues, multiple sequences for functional 
imaging 
MRS NMR 0.1 – 1 mm Me, Mo Specific determination of different metabolites 
and their quantity within the tissues 
CT x-rays 0.05 – 0.5 mm A, F Relatively fast and cheap, high contrast in hard 
tissues 
SPECT -rays 1 – 8 mm F Multitracer modality 
PET -rays 1 – 4 mm F, Me, Mo High sensitive, single tracer modality 
MRI = magnetic resonance imaging, MRS = magnetic resonance spectroscopy, CT = computed
tomography,SPECT=singlephotonemissioncomputedtomography,PET=positronemissiontomography,
NMR=nuclearmagneticresonance,A=anatomical,F=functional,Me=metabolic,Mo=molecular.

2.2.5.1Magneticresonanceimagingandspectroscopy
MRIisanoninvasiveimagingtechniqueprovidingagoodcontrastbetweendifferentsoft
tissues within the body as well as between soft and hard tissues. MRI is based on the
interactionbetweenastrongmagneticfield(from<1Tto12T)andnuclearmagnetization
of certain atomic nuclei within the body (Raty et al., 2007b). Nuclei with quantum
mechanicalpropertyofspin,suchas 1H, 2He, 3He, 23Naand 31P,alignandresonate in the
magnetic field allowing them to absorb energy from a radiowaves and consequently to
align to a higher state of energy.After termination of the radiation, the spins recover to
theirinitialalignmentinaprocesscalledrelaxation,inducingafreeinductiondecay(FID)
signal that is measured by the MRI equipment and postprocessed mathematically (3D
Fouriertransform)toformanimage(Pautler,2004).MRIisthebestnoninvasiveimaging
modalityfordiagnosisandmonitoringofGBM.Sincethereisthepossibilitytousemultiple
differentsequences,ithasawiderangeofapplicationsfrombroadanatomicalimagingto
specificchangesinthemolecularlevel.
The golden standard of anatomical imaging is gadolinium enhanced T1weighted
sequence, where GBM is seen as a hypointense mass. Contrast agents increase the
differences in areas where the BBB is disturbed, highlighting leaky vasculature (Dillon,
1991). In some cases, T2 or protonweighted images can be acquired where lesions are
visibleasahyperintensemass.Asthepresenceofvasogenicedemasurroundingthetumor

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can mask the actual GBM signal, a fast fluid attenuated inversion recovery (FLAIR)
sequencecanbeusedtonullifyfluidsignalfromedema(Epsteinetal.,1995).
MRI can also be used to image the vasculature and bloodflow in GBM. In perfusion
weighted imaging,MRIcanbeused tomap themicrocirculationandvesselpermeability
usingT2*sequencewith rapidbolusof contrastagent.Acquiredsemiquantativevalueof
relative cerebral blood volume (CBV) can be analyzed from the image. CBV has been
shown to correlate with the amount of capillaries (Sugahara et al., 1998). However, a
disturbed BBB (e.g. due to medication or inflammation) may increase signal in CBV
suggesting erroneously a higher grade of tumor. Therefore, the potential bias in
measurementshouldbeacknowledgedandcorrectedmathematicallyorhavebackground
valuesdeductedwithpredosingofcontrastagent.
Diffusion weighted imaging (DWI) maps the movement of water within the tissues.
Brownianmovement,therandomdiffusionofwaterduetothermalenergy,isaffectedby
structures, viscosity and tortuosity of extracellular space. As the mass effect, treatment,
proliferation of GBM and various other issues can change the tumor structure, cellular
density,cytoarchitectureandwaterhomeostasis,DWIcanbeusedtoimagethesechanges
(Brunberget al., 1995).DWImaps themovementofwater regardlessof itsdirectionand
therefore it is better suited to the situationwhere diffusion is isotropic.Diffusion tensor
imaging(DTI), includesthedirectionalityofthediffusionandcanbeusedforanisotropic
imagingforacquiringhigherresolutionspatial informationof tumorstructure(Hagmann
etal.,2006).

Magnetic resonance spectroscopy (MRS) is amethod for quantative estimation of key
metaboliteswithinthetissues(Nelsonetal.,1997).Themostcommonlyidentifiedpeaksin
GBMarecholine,creatineandNacetylaspartate(NAA).Cholineisubiquitouslyfoundin
cell membranes and an increase in choline levels is indicative of membrane synthesis,
which has been shown to correlate with proliferation of the cells as shown by Ki67
stainings(Barbarellaetal.,1998).Creatineisanorganicacidthatsuppliesenergyforcellsat
aconstantrate,andthereforeitiscommonlyusedasareferencevalue.However,inGBM,
creatine peaks can be usually found outside the tumor indicative of infiltration.NAA is
foundonlyinneuronsandisthereforeamarkerofnormalneuronalfunction(Isobeetal.,
2002). Other metabolites which can be quantified in MRS are myoinositol, glutamate,
glutamine (astrocytic markers), lipids (membrane breakdown/necrosis) and lactate
(anaerobicglycolysis/necrosis)(Waleckietal.,2003,Kueseletal.,1994,Castilloetal.,2000).
SmalllesionscannotbeimagedwithMRSinaclinicalsettingbecauseofthepoorsignalto
noise ratio of the clinical scanners. In addition,MRS is technically rather demanding as
valuesfromsingletissues,suchaslipidsfromthescalpandwaterfromventricles,haveto
beexcludedfromtheimage.
2.2.5.2Computedaxialtomography
Computed axial tomography (CT) is a noninvasive imaging method based on Xray
imagestakenaroundthepatientinasingleaxisofrotation(Dendy,1999).Theseindividual
2Dimagescanthenbereconstructedintoa3Dimageofthepatient.CTprovidesexcellent
resolution between hard and soft tissues of the body and has a moderate resolution
betweensofttissuesbutitisnotasgoodasMRI(MassoudandGambhir,2003,DelSoleet
al.,2001).ItcanbeusedasaninitialevaluationofsuspectedGBMasitisfasterandcheaper
thanMRI. Furthermore, CT is a useful diagnosticmethod if the patient has implantable
medicaldeviceswhichexcludeMRIprocedures.Thesedevicescanbecardiacpacemakers,
ferromagnetic vascular slips or nerve stimulators. In noncontrast CT, the lesions are
presented as an isodense or hypodense masses with central hypodensity (necrotic core)
alongwith vasogenic edema.With contrast agents, tumors appear to have heterogenous
rimenhancementin95%ofcases(Zhangetal.,2011a).
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AlthoughtechnicaladvanceshaveimprovedtheradiationsafetyandefficacyofCT,itis
still regarded as a moderate to high radiation diagnostic tool (Brenner and Hall, 2007).
Multiple factors affect the radiation dose: scanned volume, patient stature, number and
typeofscansequencesaswellastheresolutionandqualityoftheimage.
2.2.5.3Singlephotonemissioncomputedtomography
Singlephotonemissioncomputedtomography(SPECT)isaradiotracerimagingmodality.
Gammaradiationemittedfromaradionuclide fromwithin thepatient isrecordedwitha
gamma camera. A collimator is used to absorb nondirectional gamma rays thereby
minimizing noise signals. As with CT scans, SPECT takes images from the patient in a
singleaxisofrotationandthedatacollectedisthenreconstructedasa3Dimage.
RadionuclidesusedinSPECTimagingaresinglephotonemitters,suchas99mTc,123I,111In
and201Ti(Ratyetal.,2007b).Emittedphotonsthatpassintothecollimatorsaretransformed
tovisible light in the scintillationcrystalswithin thedetectors.Visible signalsare further
converted by photomultiplier tubes (PMT) into electric signals that contain information
aboutthepositionandenergyofthedetectedgammarays.Therecordeddatacanthenbe
processedandreconstructedintoavisualimage.Sincetheenergyoftheemissionofeach
radionuclide is known, SPECT imaging can be done with multiple radiotracers
simultaneously.SPECTimageisusuallyfusedwithanatomicalCTimages(SPECT/CT)to
formamoredetailedpictureof thepatientsbrain (Ratyetal.,2007a).Thehalf lifeof the
radionuclides used in SPECT varies from tens of minutes to days, which provides the
possibilitytodofollowupscanswithoutneedingnewinjectionsofradionuclide.Labeling
of a wide range of endogenous molecules with these radionuclides is relatively
straightforward and does not need highly specialized radiochemistry equipment or
expertise.
The radioligands used in the diagnosis of GBM have specific uses. For example,
potassiumanalogue201Ticannotdiffuse intothebrain if theBBBis intactandis takenup
onlybyviablecellsbutnotnecrotictissueornonproliferatingglialcells(Andoetal.,1987,
Black et al., 1989). 111InPentetreotide or octreotide binds to those tumor cells with
somatostatin receptors (Bakker et al., 1991). 123Ialphamethyltyrosine is a labeled amino
acid thatusesa specific aminoacid transporter topass through theBBBand is takenup
morebytumorcellsthanbynormalbrainparenchymaasitcompeteswithnaturalLamino
acids (Benard et al., 2003). Some studies suggest that htere is  20 % volume boost for
radiation therapy planning with 123Ialphamethyltyrosine versus the MRI due to this
specificity(Grosuetal.,2002). 99mTcSestamibi,originallyusedinmyocardiumimaging,is
takenupdepending on the blood flow, plasma andmitochondrialmembranepotentials,
angiogenesisandtissuemetabolism(Maublantetal.,1993,DelmonMoingeonetal.,1990).
It isalsoa transport substrate forPglycoprotein,anenergydependenteffluxpump,and
thereforemayprovide evidence for activedrug resistancemechanisms (Hendrikse et al.,
1999).
2.2.5.4Positronemissiontomography
Positronemission tomography (PET) isan imagingmodality thatdetectspairsofgamma
rays emitted indirectly by positron emitting radionuclides such as 18F, 13N, 15O and 11C.
Theseradionuclidesundergoapositronemissiondecayinwhichtheyemittheantimatter
counterpart of an electron.When a positron encounters an electronwithin the patient, a
pairofannihilationphotonsarecreated.These511keVgammaphotonstravelinopposite
directionsandaredetectedinthescintillationcrystalsinthedetectors(Ratyetal.,2007b).
AfterPMTsignalconversion,thecomputerfirstanalysesandthendiscardsallthephotons
thatdidnothittheoppositedetectorswithinacertaintimewindow.Inotherwords,PETis
basedon the simultaneousor coincidentaldetectionof apairofphotons.Becauseof this
pairbaseddetectionof theevents, collimatorsarenotneeded inPET imaging,making it
highly sensitivewhen in comparison to SPECT.However, unlike the situation in SPECT

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imaging,theradionuclidesusedinthePETusuallyhaveveryshorthalflivesfromminutes
totensofminutes,whichoptimallyrequirespresenceofanonsitecyclotron.Inaddition,a
multitracer imaging cannot be performed in PET, because all annihilations occur at 511
keV,thusmakingseparationbetweenradionucleotidesimpossible.
Depending on tumor and/or application, increased activity of glucose transporters,
aminoacidsornucleosidesandexpressionofhexokinaseorthymidinekinasecanbeused
in PET imaging (Klasner et al., 2010, Dhermain et al., 2010). The most commonly used
tracer, 2[18F]fluoro2deoxyDglucose (18FFDG), is a glucose analogue. It is taken into
the cells by glucose transporters and phosphorylated within the hexokinase pathway.
However, it is not metabolized in the time span needed for radiodecay of 18F that
substitutesforthehydroxylgroupinglucose.Phosphorylationofthemoleculepreventsit
from leaving the cell, making 18FFDG a suitable tracer for glucose distribution and
phosphorylation in thebody.As tumorcellsshowoverexpressionofglucose transporters
and have increased glucosemetabolism in comparison to normal brain parenchyma, the
FDGsignalconcentratesslightlymoreintoviabletumorcells.However,nonspecificuptake
byinfectionor inflammationhasbeenreported(Wurkeretal.,1996).Radiolabeledamino
acids,suchasLmethyl[11C]methionine(11CMET,)and18FfluoroethylLtyrosine(18F
FET) are more sensitive tracers than the glucose analogue FDG and yield higher
concentrations into tumors as they take advantage of Ltype amino acid transporters
commonly found in gliomas on both, the apical and basolateral membranes of the BBB
(Langenetal.,2000).11CMETuptakehasalsobeenreportedtocorrelatewiththelevelsof
Ki67andnuclearantigenexpressionaswellasmicrovesseldensity,suggestingthat11C
METcouldbeamarkerfortumorproliferation(Jacobsetal.,2005,Dhermainetal.,2010).
Nuclearanalogues,suchas3’deoxy3’18Ffluorothymidine(18FFLT),aretakenintocells
byacarriermediatedmechanismaswellasbyafacilitateddiffusion.Phosphorylationby
thymidine kinase 1 (TK1),which is an enzymepresent at high levels in rapidlygrowing
cells,intofluorothymidinemonophosphateresultsinintracellulartrappingofthemolecule
andan intensified signal in thePETscan (Schieperset al., 2010). Inaddition,FLTcanbe
usedtomonitorlevelsofviralTK1expressionandtheeffectivenessofsuicidegenetherapy
approaches(Ruegeretal.,2011).
2.2.5.5Biopsyandimmunohistochemistry
Despite thedevelopmentof imagingmodalities, thehistologicalanalysisof tumorbiopsy
tissue isanessentialpartofefforts toestablish tumorgrade.Thebasichaematoxylinand
eosin staining (H&E) can be used when tissue sample is assessed for nuclear atypia,
mitosis,endothelialproliferationandnecrosisstatus(DunbarandYachnis,2010,Bratetal.,
2008).Additionally, immunohistochemistrycanbeveryhelpful indeterminingthe tumor
phenotypeassensitiveAbsagainstmanytumorspecificoroverexpressedantigens,such
as glial fibrillary acidicprotein (GFAP), epidermal growth factor receptor (EGFR), repair
enzyme activity, such as O6methylguanineDNAmethyltransferase (MGMT) or
proliferationstate,suchasKi67,arewidelyavailable.
2.2.5.6Pseudoprogressionandpseudoresponse
Treatment of GBM especially with radiotherapy (RT) induces an imaging artifact called
pseudoprogression,aseverecomplicationofradiationnecrosischaracterizedbyextensive
fibrosis,endothelialdamageandedema(Stubblefield,2011,Chanetal.,2009).Duetothese
progressivefocaldeficitsandsignsofincreasedintracranialpressure,radiationnecrosisis
indistinguishablefromarecurrenttumorbystandardimagingorclinicalcriteria(Doomset
al., 1986). However, there are some studies indicating that some advanced imaging
parameters,suchasCBV,areabletodistinguishpseudoprogressionfromarecurringtumor
(Yoshii et al., 1993, Van Laere et al., 2005,Aronen and Perkio, 2002, Gahramanov et al.,
2011).

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Pseudoresponse is another imaging artifact related to antiangiogenic treatments of
GBM.Althoughantiangiogenictherapystabilizestheleakyvesselsandtherebydecreases
thevasogenicedema,itmaynotnecessarilyhaveanyeffectonthetumoraggressivenessor
burden (Finketal., 2011,BrandsmaandvandenBent, 2009).However,due to stabilized
leakyvessels,especiallyifoneisusingcontrastenhancedMRIthiscouldbeinterpretedas
decreasedsignalsfromthetumorlesionandevidenceofatreatmentresponsewhichinfact
hasnotoccured.
2.2.6MolecularbiologyofGBM
Diseaseprogression fromasingleastrocyteorprecursorcell into lifethreatingmalignant
gliomarequiresmultiplegeneticalterationsincludingchangesintheDNAsequence,copy
numbers,chromosomalarrangementsandproteinmethylationstatusimpairingbothtumor
suppressor andoncogenes.Themolecular biologyofprimary and secondaryGBMsvary
greatlyfromeachotherdistinguishingtwoseparatediseases(OhgakiandKleihues,2005b,
Louisetal.,2007,Parsonsetal.,2008,OhgakiandKleihues,2009).
Whereasprimaryglioblastomaischaractericedbylossofheterozygosityonchromosome
10 as well as mutations in epidermal growth factor receptor (EGFR), phosphatase and
tensinhomology(PTEN)andTP53genes,secondaryglioblastomaarecharacterizedmainly
byfrequentmutationsintheTP53gene.
There are also several differences between the promotermethylation and in the RNA
andproteinpatternsofprimaryandsecondaryglioblastomas(OhgakiandKleihues,2007).
Although, current treatment protocol (see Chapter 2.2.7 for details) is used against both
typesofglioblastomas,thesemoleculardifferencesarehighlyimportantinresearchandin
the concept of personalized medicine. Figure 1 shows the common abnormalities in
gliomagenesis.

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Figure 1. Common molecular pathways of tumorgenesis.The over-expression or amplification of 
several tyrosine kinase receptors induce cell proliferation that is normally controlled by PTEN 
inhibitory action. Wild-type p53 is responsible for several crucial functions in the cell including 
apoptosis and cell cycle regulation, and is autoregulated by MDM2 and ARF proteins. E2F 
regulates the transition from G1 to S-phase of the cell cycle. Its function can however be 
altered via mutations or amplifications of RB1, CDK4 or P16. 
2.2.6.1Growthfactorsandcellproliferation
EGFRislocatedonchromosome7encodinga170kDatransmembraneproteinresponsible
for interacting with extracellular ligands, such as EGF and TGF. EGFR takes part in
proliferativesignalingwithinthecell.EGFRisthemostfrequentlyamplifiedgeneinGBM,
involving approximately 40 % of primary GBMs (rare in secondary GBM) (Ohgaki and
Kleihues, 2005b, Ekstrand et al., 1992). Amplification of EGFR is also associated with
overexpression:7090%ofallGBMwithoverexpressionofEGFRalsohaveamplificationof
EGFR (Tohma et al., 1998). There are several variants of EGFRmutations found inGBM
patients,themostprevalentbeingEGFRvIII,foundin2050%ofGBM(Huangetal.,1997).
EGFR signaling results in phosphatidylinositol3kinase (PI3K) recruitment and
phosphorylation of phosphatidylinositol4,5biphosphate (PIP2) to PIP3, which then
activatesdownstreameffectormoleculesresulting incellproliferationandpromotingcell
survival(Mellinghoffetal.,2005).
Tumorsuppressorphosphataseand tensinhomology (PTEN) ismutated in1540%of
GBMcasesinalmostexclusivelyinprimaryGBM(Knobbeetal.,2002).PTENislocatedon
chromosome10q23.3whereitencodesaproteinwithacentraldomainhomologoustothe
catalytic region of protein tyrosinase phosphatases responsible for the activation of PIP3

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(Steck et al., 1997, Maehama and Dixon, 1998). Consequently, functional PTEN protein
inhibits PIP3 signaling thereby inhibiting the phosphorylation of downstream effector
moleculesandfurthercellproliferation.
2.2.6.2Inhibitionofapoptosisandregulationofcellcycle
TP53,whichislocatedonchromosome17p13.1,encodesa53kDatumorsuppressorprotein
p53whichregulatescrucialcellularprocessesincludingthecellcycle,theresponsetoDNA
damage, cell death, differentiation and neovascularization (Bogler et al., 1995).Although
TP53 mutations are very common in secondary GBM (65 %) and almost in all cases of
precursor lowgrade lesions, they are less frequent in primaryGBM (28%) (Ohgaki and
Kleihues, 2007). The distribution and type of mutations differ between primary and
secondaryGBMspointingtodifferentmolecularmechanismsbetweenthesetwotypes.In
primary GBM, the mutations are equally distributed among the exons, whereas in
secondary GBM the majority of mutations (57 %) occur at codons 248 and 273 (17% in
primaryGBM).Inaddition,theG:CtoA:TtransitionsaremorefrequentinsecondaryGBM
(OhgakiandKleihues,2005b).
Murine double minute (MDM2) oncogene located at 12q14.3q15 encodes a 54 kDa
negative regulatory protein that binds to both, mutant and wildtype p53 proteins,
inhibiting the ability ofwildtypep53 to activatedownstreamcascades leading to tumor
suppression (Momand et al., 1992).Under normal conditions,wildtype p53 andMDM2
proteins form an autoregulatory loop, where the presence of the p53 inducesMDM2 to
regulatewildtype p53 expression anddegradation (Picksley andLane, 1993). Therefore,
amplification or overexpression of MDM2 provides an escape mechanism from the
regulatedcelldeathbywildtypep53.OverexpressionoftheMDM2proteinoccursinmore
that50%ofprimaryGBMs,whereasgeneamplificationinGBMswithoutaTP53mutation
arepresentonlyinabout10%ofprimaryGBMs(Reifenbergeretal.,1993).
P14ARF located on chromosome 9p21 encodes a tumor suppressor protein that directly
inhibits the function of MDM2 protein. This further releases p53 from the MDM2
regulation.Lossofp14ARF functionis frequent inGBM(nosignificantdifferencesbetween
primary and secondary GBMs) correlating with homozygous deletion or methylation of
p14ARFgene (Nakamuraetal., 2001a). In lowergradeprecursorGBMs,aboutone thirdof
p14ARFgenesarefoundtobemethylated.Itisworthnotingthattheexpressionofp14ARFis
regulatedbythewildtypep53,creatinganautoregulatorysystem,inwhichtheregulatory
functionsof thep53pathway canbe alteredbymutations in anyof theTP53,MDM2or
p14ARFgenes(Kamijoetal.,1998).

TheRB1genelocatedonchromosome13q14encodesa107kDatumorsuppressorprotein
thatpreventsexcessivecellgrowthbybindingtotranscriptionfactormembersoftheE2F
family, inhibiting the cell cycle progression from theG1 to S –phase (Sherr andRoberts,
1999).ThepromotermethylationofRB1geneisfoundmorefrequentlyinsecondary(43%)
than in primary (14 %) GBMs (Nakamura et al., 2001c). However, RB1 promoter
methylation is not present in low grade precursor tumors, suggesting that this is a late
eventinastrocytomaprogression.
CDK4genelocatedonchromosome12q14isencodesaproteinbelongingtothecyclin
dependent kinase family. CDK4 and Cyclin D1 proteins form a complex that
phosphorylates RB1 protein, leading to the inability of RB1 to bind E2F family
transcriptionalfactorsandtherebytothereleaseofG1toS–phasecellcyclecontrol(Sherr
and Roberts, 1999). CDK4 gene is amplified in 15 % of high grade gliomas, especially
amongthosethatdonothavep16INK4agenedeletion.
P16INK4aonchromosome9p21encodesatumorsuppressorproteinabletobindCDK4
protein and inhibit the formation of CDK4/Cyclin D1 –complex therefore negatively
regulating G1toS –phase transition. Loss of cell cycle control can thus be caused by
alteration of anyof thegenes in thep16INK4a/CDK4/RB1pathway (lossofp16INK4a as

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well as overexpression or amplification of either CDK4 or RB1 proteins/genes). The
P16INK4a/CDK4/RB1 pathway is commonly perturbed in 4050 % of primary and
secondaryGBMs(Biernatetal.,1997).
2.2.6.3Chromosomalalteration
Asthehumangenomehaspairedalleles,thelossofasingletumorsuppressoralleleisnot
consideredcancerous.However,lossofheterozygosity(LOH)describesacell,whereinthe
normal function of a whole gene is lost after additional mutations on the remaining
functioning allele. In many hereditary diseases, the increased probability of acquiring
cancer, is due to the initial mutation in one allele with which the patient is born. In
gliomagenesis,themostfrequentgeneticalterationisLOH10presentin60–80%ofGBM
(Fujisawa et al., 2000). Although the deletion of an entire copy of chromosome 10 is
possible,itismorecommonthatonlyportionsaremissing.Forexample,themostcommon
missing fragment of chromosome 10 in GBM is 10q24 – pter containing PTEN gene
(Rasheedetal.,1995).However,LOHisalsocommoninchromosomes1,13,19and22in
GBM(OhgakiandKleihues,2007).ManyLOHfragmentsdonotcontainanyknowntumor
suppressorgenes,hintingat thepossibilityofdiscoveringnewmolecularmechanismsfor
gliomagenesis.
2.2.6.4Othermechanisms
MGMTisaDNArepairproteinprotectingthegenomefromdamagebyalkylatingagents
byremovingpromutagenicalkylgroupsfromtheO6positionoftheguanineintheDNA.
Alkylatingagents,suchastemozolomide(TMZ),dacarbazine,altretamineandmitobronitol
are part of the standard chemotherapeutic GBM regimens (Figul et al., 2003). Loss of
MGMT is causedbymethylationofpromoterCpG islands and is associatedwith longer
survivalinpatientstreatedwithTMZ(Estelleretal.,2000,Pazetal.,2004).Itispresentin
4575 % of GBMs (secondary GBM shows a higher frequency of methylation than the
primaryform)(Nakamuraetal.,2001b).PromotermethylationsofTP53,p14ARF,RB1and
TIMP3genes are also common inGBMs, slightly favoring secondaryGBMoverprimary
GBM(OhgakiandKleihues,2007).
2.2.7Currenttreatmentofmalignantglioma
The poor therapeutic efficacy in GBM is due to various factors. The diverse clonal
populationsofhypermutatedcellswithinthetumormassresults inaheterogenicdisease
thatishighlyresistanttoanysingletreatmentmodality.Inaddition,theBBBhindersentry
ossystemicallydelivereddrugs.Consequently,despitemanyadvancesincancerresearch,
treatmentofGBMhasremainedlargelyunaffectedforthelastdecades.Onlyrecentlyhas
survivalbeenimprovedinGBM(seeChapter2.2.7.4fordetails)(Stuppetal.2005,Stuppet
al.2009).
2.2.7.1Surgery
SurgicalresectionofthetumoristhemostcommontreatmentforGBM,althoughduetothe
invasivenatureofGBM,completeresectioncannotbeachieved.Therefore,resectionalone
doesnotprovideacurativetreatmentforthepatientandamorerealisticviewofgoalsof
surgical intervention must include also partial resection, biopsy or palliative treatment.
These modalities aim at improved survival, symptomatic control, cytoreduction and
histological diagnosis (Whittle et al., 1998,Hentschel andLang, 2003). The first resection
wasreportedalreadyin1884anddespitetheimprovementsinthesurgicalequipmentand
techniques, patient survival has improved only marginally since the 1970s (Pang et al.,
2007,AvgeropoulosandBatchelor,1999).
There are only a handful of publications examining the efficacy of surgical excision
(Pang et al. 2007). Although they all are retrospective studies without matched or
randomizedcontrols,theysuggestimprovementofpostoperationalradioorchemotherapy

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aftersurgicalcytoreductionofGBM(Ngetal.,2007,Barkeretal.,1998).Symptomreliefin
GBM includes for example opening of any obstructions in CSF circulation causing
increasedintracranialpressure.Foraccuratehistologicalanalysis,thebiopsysampleshould
be large enough or taken from multiple sites within the tumor, as GBM is a highly
heterogenous tissue. The study of Jackson et al. reported a 38 % discrepancy between
biopsyandresectedspecimenleadingtoalteredtreatmentandprognosisin26%and38%
ofthepatients,respectively(Jacksonetal.,2001).
2.2.7.2Radiotherapy
Radiotherapyisaformofcancertreatment,wherecancerouscellsareexposedtoionizing
radiationthatcauseseitherdirectorindirectdamagetotheDNAduetostrandbreaksor
theformationoffreeradicals,respectively.Ultimately,thecellsundergoapoptosisasthey
are not viable enough to undergomitosis.Although, radiotherapydates back to the late
19th century, as Xrays were discovered by Wilhelm Roentgen, tumor irradiations by
modernlinearacceleratorsdidnotbegununtilthe1940s.TheXraycanbeconsideredasa
lowlinearenergytransfer(lowLET)radiationproducedbyatomicinteractions(Nayaket
al.,2005).
The twodimensional external beam radiotherapy (2DEBRT) was the first GBM
radiotherapymodality;thisconsistedofsinglebeamirradiationofthepatientfromoneto
fourdifferentdirections,leadingtoahigherabsorptionofenergyintheoverlappingareas.
However, relativelyhighdosesof radiationwere required toachieveeffectiveuseof2D
EBRT, leading to serious side effects (Bucci et al., 2005). The improvements in imaging
modalities,suchasCTandMRI,made3Dexternalbeamradiotherapy(3DEBRT)possible
inmid1980s.As threedimensional imagingof the tumorbecomepossible, the treatment
planning could include axial anatomy and complex tissue contours and even include
irregular shapes of therapeutic regions. Although, this led to a far better therapeutic
windowinirradiationtreatment,oncologistswerestillgreatlylimitedintheactualdosing
of radiation, as they only selected the amount and direction of radiation beams to fully
enclosethetumor.Thecomputerthencalculatedtheneededdoseofeachindividualbeam
to achieve efficient treatment (direct treatment planning). The means to achieve further
controlofthetreatmentcamewithintensitymodulatedradiotherapy(IMRT)thatallowed
control the intensity of individual subsectionsof radiationbeambyuseof collimators as
calculatedby thecomputer. IMTR isan inversivelyplanned treatment, i.e. theoncologist
first decides the dosing of individual tumor areas and then the computer selects the
amount,direction and intensity of beams to accomplish the set goals. Still, amajor issue
thereinisthatthetumorandpatientareinconstantmovement,eithervoluntaryorvisceral
movements. Furthermore, the patient may lose weight and therefore have altered
geometrical dimensions or the tumor may shrink due to successful treatment. The next
generationof radiotherapyhave included the 4thdimension, i.e. time, into the treatment
planning. Imageguided radiotherapy (IGRT) is a hybrid treatment modality where
imaging modalities, such as CT, and treatment modality, such as IMRT, are performed
simultaneously.Realtimeimagingofthetumorduringthetreatmentmakesitpossiblefor
the computer to compare the data and make the necessary adjustments to treatment
planning depending on the changes seen in the images. IGRT is a step closer to
personalized or adaptive medicine in comparison to planned dosing or treatment of
patients.Modernradiotherapyregimensconsistofhyperfractionatedadministrationof45
60Grayindosesof1.52Gy/d/cycle.Acycleconsistsof5consecutivedaysofRTandcan
berepeated67times.ARTprotocolirradiating23cmmarginaroundthetumorcavityhas
been shown to improve the survival of patients with tolerable treatmentrelated
cytotoxicity (Walker et al., 1980,Walker et al., 1978, Laperriere et al., 2002,Davies et al.,
1996).Radiotherapyexceedingthe60Gylimitdoesnotseemtoimprovesurvival,buthas
ledtoradiationinducednecrosis(Salazaretal.,1979,Leeetal.,1999).


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Hadrontherapy(orparticletherapy)isaformoftherapy,whereinthetumorisirradiated
by beams of particles made of quarks, such as protons, neutrons or positive ions (in
comparisontoelectronbeams).Thesamekindoflinearacceleratorcanbeusedtoproduce
beamsofvariousparticlesasisusedintheformationofXrays(RongandWelsh,2010).In
particle therapy,as theenergizedchargedprotons (orpositive ions)pass through tissues
they attract negatively charged orbiting electrons and pull them away from their orbits,
therebyinducingionizationwithintissues(lowLET)(Nayaketal.,2005).However,unlike
thesituationinXrayionizationwhenthebeamhasthehighestenergybeforecollidingand
being absorbed into tissues, the proton ionization energy increases as the velocity of the
protondecreasesand the interactionswith surroundingelectronsbecomemore common.
ThisphysicalpropertyisknownasBraggspeakcausedbybremsstrahlung,alossofkinetic
energyofachargedparticleduetointeractionswithanotherchargedparticle(Coutrakonet
al., 1991). This enables proton (or positive ion) to have maximal ionization at deeper
coordinates thanconventionalXraybased treatmentmodalities that couldbepotentially
usefulinthetreatmentofGBM.Someionsheavierthanprotons,suchascarbonions,cause
even more ionization than protons increasing their efficiency in the treatment of GBM.
However,unlikeprotons, theseheavy ions ionize tissuebeyondtheBraggpeakandmay
thereforeinduceundesireddamagetobrainparenchyma.

Neutrontherapyisahighlinearenergytransfer(highLET)radiationproducedbynuclear
interactions, such as boronneutron capture therapy (BNCT) (Calderon and Jensen, 1990,
Barth and Joensuu, 2007). HighLET radiation is considered to be 101000 fold more
ionizingthan lowLETdamage.TheprincipleofBNCTwasfirstpresented in1930s,after
the discovery of neutrons by James Chadwick. BNCTwas assessed for the treatment of
GBMlaterinthe1950sto1960sbutduetopoorresults,furtherstudieswerenotperformed
untiladvancesinboroncarriersoccuredinthe1990s(Joensuu,2011).BNCTisbasedonthe
ability of 10B to capture low energy neutrons causing a fission reaction producing 
radiation(4He)and7Linucleus.Asemissiondecayswithinafewmfromthesource,itis
a relatively local source of radiation affecting only the cells containing boron and their
imminent surroundings. The limiting factor in BNCT is the requirement for a nuclear
reactor as the linear accelerators used in conventional radiotherapy cannot produce
neutrons. In addition, the superficial localization of tumor is preferred as low energy
neutrons cannot penetrate deep into the brain and it is difficult to achive therapeutic
concentrationswithinthetumors.Themostcommonmethodforborontransportistouse
Lboronphenylalanine (BPA),which is an amino acid generally having higher uptake in
cancerouscellsthaninnormalbrainparenchyma.InGBMhowever,theuptakeofBPAcan
belowwithinthetumorduetohypoxicareassurroundingthenecroticcoreofthetumor.
However, as boron uptake is also low in healthy brain parenchyma, BNCT can be
successfully used to treatGBMpatients after relapsewith acceptable side effects even if
patients cannot tolerate further conventional radiotherapy (Kankaanranta et al., 2011).
Generally,BNCTisseldomusedfor the treatmentofGBMas itdoesnotoffersignificant
improvementoverconventionalradiotherapy,andthecostofthetreatmentis6foldhigher
(Joensuu,2011).

Brachytherapy is a locally administered form of radiotherapy, where the source of
radiation,commonly90Y,125I, 131Iand192Ir, isplacedwithinthetumororintotumorcavity
aftersurgery(Vitazetal.,2005).Brachytherapygenerallyusessignificantlylowerdosesof
radiationthanEBRT,inducingahighlyconfinedlocaleffectastheradiationattenuatesinto
surrounding tissues resulting in a steep falloff dose as distance to the radiation source
increases.Inaddition,lowdosebrachytherapymorespecificallytargetsthetumorcells,as
cell damage caused by continuous sublethal doses of radiation can be repaired more
efficientlyinhealthycellsthaninmutatedtumortissue.Furthermore,continuousradiation
cancauseaccumulationofthecellsinG2/Mphaseofthecellcycle,whichhasbeenshown

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tobethemostsusceptibletowardsradiotherapy(PawlikandKeyomarsi2004,Harmsetal.
2006). To date only two randomized clinical trials have been conducted evaluating the
efficacyofbrachytherapyforthetreatmentofmalignantgliomabutneitherofthemfound
anyimprovementoverEBRTtreatment(Scharfenetal.,1992,Gutinetal.,1991).However,
brachytherapyisconsideredaviableoptiontoradiotherapyininoperabletumors.
2.2.7.3Chemotherapy
Treatmentofcancerwithantineoplasticdrugs,orchemotherapy,wasdiscoveredin1940s
as autopsies of victims ofmustard gas attacks showedprofoundmyeloid and lymphoid
suppression (Goodman et al., 1984, DeVita and Chu, 2008). It was theorized that the
inhibitionoftheproliferationofsomaticcellsthatdividerapidlybymustardgascouldalso
beusedas a cancer treatment.The first treatmentswith some success, albeitwithonly a
transienteffect,wereagainst lymphomas.Currently, chemotherapy isamajorpartof the
treatmentprotocol especiallywhengiven in combinationwith radiotherapyand surgery.
Chemotherapeutic agents can roughly be divided into two categories; cytotoxic and
cytostatic.Cytotoxicagentsactbydamagingthecell throughmanydifferentmechanisms
inducingcelldeathandtherebycytoreduction.Cytostaticagents,however,donotdirectly
killcellsforexampletheyinhibittumorgrowthbyblockinggrowthfactorsignaling.
Currently the most commonly used and effective chemotherapeutic agents for GBM
therapy are TMZ, bischloroethylnitrosourea (BCNU or Carmustine) and PCV
(ProcarbazineCCNUVincristine) (See and Gilbert, 2007, Parney and Chang, 2003). All,
except for Vincristine, which causes mitotic spindle dissolution, are cytotoxic DNA
alkylating agents that inhibit mitosis and cause cell death via apoptosis. TMZ has been
foundtobethemosteffectivetreatmentwhencombinedconcomitantandadjuvantRT(see
below, EORTC/NCIC clinical study) (Stupp et al., 2005, Stupp et al., 2009). TMZ is a
prodrug spontaneously hydrolyzing into 3methyltriazen1ylimidazole4carboxamide
(MTIC)atphysiologicalpH.MTICalkylatesseveralguanineresiduesinDNA,withtheO6
positionbeingthemostsignificant(Newlandsetal.,1997,AgarwalaandKirkwood,2000).
Although the formedO6mG isnot toxic to thecellsalone, ifnot removed, itwill lead to
mispairingofO6mGwith thymine.This induces futile repaireffortsbymismatch repair
proteins that canonly remove the thymine,butnot theculpritO6mG(Hegietal., 2008).
Eventuallythisleadstoapoptosis.However,itisworthnotingthatthetumorcellswithan
active MGMT can repair the alkylation of O6guanine thus inducing chemoresistance
againstTMZ treatment (Hegi et al., 2005,Zhanget al., 2011b,Panet al., 2012).Thereare
manyotherchemotherapeuticagentsavailable, suchasetoposide, irinotecan,carboplatin,
cisplatin and doxorubicin. However, these have not shown to be as effective and TMZ,
BCNUorPCVandarethereforeusedonlyinspecialoccasions,whentheuseoftheabove
mentioned drugs is not an option, for example due to cost or toxicity of the treatment
(Vitvitskyetal.,1992).
2.2.7.4CurrentstandardtreatmentofGBM
The landmark study for the current standard treatment ofGBMwas conductedbetween
August 2000–March2002by theEuropeanOrganization forResearchandTreatmentof
CancerBrainTumorandRadiotherapygroup(EORTC)andtheNationalCancerInstitute
of Canada Clinical Trials group (NCIC) with 573 patients being enrolled into an
international randomized multicenter phase III trial (85 institutions in 15 countries) for
concomitantandadjuvantTMZandRTtreatmentversusRTaloneinpatientswithnewly
diagnosed GBM (Stupp et al., 2009, Stupp et al., 2002). After initial debulking surgery,
patientsreceivedathreedimensionalconformalRTfromalinearacceleratorconsistingof
60Gyfractionatedinto3033dosesof1.8–2.0Gy/d.ConcomitanttoRT,75mg/m2ofTMZ
wasadministereddailyforupto49days.TheadjuvantTMZregimenbegunaftera4week
breakwith150mg/m2ofTMZadministered5d/28d.Ifnoprofoundtoxicitywasobserved,
theTMZdosewaselevated to200mg/m2and thecycleswererepeatedup toa totalof6

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cycles. As TMZ treatment causes an increased risk of opportunistic infections due to
lymphocytopenia,prophylaxisagainstPneumocysticcariniijieroviciiwasadministeredeither
with pentamidine or oral trimethoprimsulfamethoxazole. Furthermore, antiemetic
prophylaxiswithmetoclopramideor5hydroxytryptaminewas recommendedduring the
concomitantTMZphaseandrequiredduringtheadjuvantphase.
The EORTC/NCIC trial had a median followup of 28 months with a hazard ratio
indicating37%relativereductionintheriskofdeathwiththecombinationtreatment.The
mediansurvivalbenefitincomparisontoRTalonewasnotmorethan2.5months(14.6vs.
12.1 months). However, the trial succeeded to significantly increase late survival of the
patients. The 2year survival of the patients treated with RT and concomitant TMZ
followedbyadjuvantTMZwas26.5%incomparisontothe10.4%ofthepatientsreceiving
RTalone.Also,the5yearsurvivalofcombinationtreatedpatientswas9.8%comparedtoa
1.9%survivalinthecontrolgroup.CombinationtreatmentexceededtheRTtreatmentalso
inthemedianprogressionfreesurvival(6.9vs.5.0months).
During the RT period, both groups displayed similarly few infections, moderate to
severefatigueandthromboembolicevents.TheTMZgroupreported2patientdeathsasa
resultofcerebralhemorrhageduetothrombocytopeniaorothercoagulationdisorders.The
RTgroupdidnothaveanygrade3or 4hematological events,whereas theTMZgroups
suffered grade 3 or 4 neutropenia in 4% and thrombocytopenia in 3% of the patients.
DuringtheadjuvantTMZperiod,grade3or4hematologicaltoxiceffects,neutropeniaor
thrombocytopeniawerefoundin14,4and11%ofthepatients,respectively.
2.2.7.5Prognosticfactors
ThemostimportantprognosticfactorofGBMistheageofthepatientinfavorforpatients
of younger age (< 50 years) (Buckner, 2003). Primary GBM has a worse prognosis than
secondaryGBM,however,thelateronsetofprimaryGBMinthesepatientsmaycontribute
greatlytothisphenomenon.Fromapathologicalperspective,thepresenceandtheextentof
necrosishasbeenshowntoworsenprognosis.Theonlygeneticvariationwithinthetumor
whichhasbeentoshowacorrelationwithprognosisisLOH10(PTEN)thatisassociated
with reduced survival of the patient (Smith et al., 2001). In case the tumor mass is
resectable,agrosssectionprovidesasurvivaladvantageforthepatient.However,surgical
resectionisnotasignificantindependentprognosticfactoruntilresectionvolumesreach98
%ofthetumormass.Inaddition,thepresenceofMGMTrepairenzymeisconsideredasan
important prognostic factor due to its ability of repair the damage caused by TMZ and
otheralkylatingchemotherapeuticagents(Ducrayetal.,2011).
2.3 NOVEL TARGETED TREATMENT OF MALIGNANT GLIOMA 
2.3.1Cancergenetherapy
Cancer treatment by gene therapy refers to the use of genetic material which can be
expressedasaproteinbythecellsandwhichcaninterferewithvariousfunctionsofcellsor
directly eradicate a cancerous cell. As tumors are often very resistant to conventional
treatment modalities and have a genetical background, the use of gene therapy as a
treatmentisveryattractive.Cancergenetherapycantakemanyforms,suchasreplacinga
defectivegenewithanormaloneorhinderingthefunctionofanoverexpressedprotein,or
augmenting the patients immune response against the tumor, forcing cancer cells to
undergoapoptosis, inhibiting furthergrowthbyblockingvascularizationorusingcancer
cellspecificoncolyticvirusestodestroythetumor.
So far, more than 1700 gene therapy trials have been conducted (Journal of Gene
Medicine,March2011,www.wiley.co.uk/genehterapy/clinical),ofwhichthemajority(64.5
%)arerelatedtocancer(Table2).Almosttwothirds(63.7%)ofthetrialshavebeendonein
theUnited States and about one third (28.7%)withinEurope. Finlandhas a recordof 5

19

cancerrelatedgenetherapytrials(0.3%).Despitethefewclinicalsuccesses,currentlyonly
threegene therapeuticproductshavebeenapproved in theworld.Twooncolyticviruses
for the treatment of head and neck squamous cell cancer are approved in China by the
ChineseStateFoodandDrugAdministration,ShenzhenSiBionoGeneTechsGendicineand
ShanghaiSunwaysH101 (Peng,2005Garber,2006) thatarebothselectivelyreplicating in
p53deficient tumor cells. Furthermore, in the Philippines RexinG, a tumor targeted
retroviruswith cytotoxic cyclinG1 transgene,mady by Epeius Biotechnologies has been
approved by the Philippine Bureau of Food andDrugs (Gordon andHall, 2010). In the
westernworld,Cerepro,areplicationdefectiveadenovirusexpressingHerpessimplexvirus
thymidinekinase(HSVtk)byArkTherapeuticsforthetreatmentofmalignantgliomawas
the pioneer product in cancer gene therapy (Immonen et al., 2004). However, Cerepro
received a negative opinion by European Medicines Agency (EMA) during late 2009
concerning the company’smarketing authorization application. Thus, the field of cancer
gene therapy stillwaits for the first acceptedproduct to reach themarket in thewestern
world.
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Table 2. Gene therapy clinical trials in the world according Journal of Gene Medicine 
(www.wiley.co.uk/genmed/clinical) – updated March 2011 
TRIALS BY CONTINENTS TRIALS BY COUNTRIES USE IN CANCER TRIALS
Continent # % Country # % # %
America 1107 65.0 USA 1084 63.7 728 67.2 
Canada 22 1.3 13 59.1 
Mexico 1 0.1 1 100.0 
 
Europe 488 28.7 UK 197 11.6 126 64.0 
Germany 79 4.6 54 68.4 
Switzerland 50 2.9 27 54.0 
France 45 2.6 19 42.2 
Netherlands 27 1.6 18 66.7 
Belgium 25 1.5 17 68.0 
Italy 21 1.2 13 61.9 
Spain 13 0.8 9 69.2 
Sweden 8 0.5 2 25.0 
Poland 6 0.4 4 66.7 
Finland 5 0.3 1* 20.0 
Norway 4 0.2 4 100.0 
Austria 2 0.1 1 50.0 
Denmark 2 0.1 - - 
Czech Republic 1 0.1 1 100.0 
Ireland 1 0.1 - - 
Romania 1 0.1 - - 
Russia 1 0.1 1 100.0 
 
Asia 64 3.8 China 20 1.2 19 95.0 
Japan 19 1.1 12 63.2 
South Korea 13 0.8 6 46.2 
Israel 9 0.5 4 44.4 
Singapore 2 0.1 2 100.0 
Taiwan 1 0.1 - - 
 
Austrasia 30 1.8 Australia 28 1.6 10 35.7 
New Zealand 2 0.1 - - 
 
Africa 1 0.1 Egypt 1 0.1 1 100.0 
 
International 13 0.8 Multi-Country 13 0.8 5 38.5 
 
TOTAL 1703 100.0 31 1703 100.0 1098 64.5 
*CereprobyArkTherapeutics,aHSVTKexpressingadenovirusforsuicidegenetherapyofGlioblastoma.
2.3.2Vectorsingenetherapy
Inorderforgenetherapytobeeffective,thegenesusedincancergenetherapyneedtobe
deliveredintothecell.Genetransfercanbedoneeitherphysicallyorchemicallyorbythe
use of viral vectors that act as gene carriers. At themoment, viral vectors are themost
efficientandmostwidelyusedtypeofgenetransfertechniques.Themostfrequentlyused
vectors in cancer gene therapy are adenoviruses and retroviruses (Journal of Gene
Medicine,March2011,www.wiley.co.uk/genehterapy/clinical)comprisingmorethat40%
of all vector usage. Themost common vectors used in gene therapy are summarized in
table3.


21

Table 3. Viral vectors used in the clinical trials worldwide according Journal of Gene Medicine 
(www.wiley.co.uk/genmed/clinical) – Updated March 2011 
ALL TRIALS USE IN CANCER TRIALS 
Vector # % # %
Adenovirus 402 23.6 305 75.9 
Retrovirus 351 20.6 194 55.3 
Naked/Plasmid DNA 316 18.6 182 57.6 
Lipofection 109 6.4 88 80.7 
Vaccinia virus 105 6.2 71 67.6 
Adeno-associated virus 81 4.8 18 22.2 
Poxvirus 66 3.9 53 80.3 
Herpes Simplex virus 57 3.3 55 96.5 
Lentivirus 38 2.2 11 28.9 
RNA transfer 27 1.6 26 96.3 
Flavivirus 8 0.5 - - 
Measles virus 6 0.4 5 83.3 
Saccharomyces cerevisiae 6 0.4 6 100.0 
Gene gun 5 0.3 5 100.0 
Lactococcus lactis 4 0.2 - - 
Listeria monocytogenes 4 0.2 3 75.0 
Salmonella typhimurium 3 0.2 3 100.0 
Transposon 3 0.2 3 100.0 
Escherichia coli 2 0.1 - - 
Sendai virus 2 0.1 - - 
Venezuelan equine encephalitis virus 2 0.1 2 100.0 
Vesicular stomatitis virus 2 0.1 2 100.0 
Newcastle disease virus 1 0.1 1 100.0 
Poliovirus 1 0.1 1 100.0 
Semliki Forest virus 1 0.1 1 100.0 
Shigella dysenteriae 1 0.1 - - 
Simian virus 40 1 0.1 1 100.0 
Streptococcus mutans 1 0.1 - - 
Vibrio cholerae 1 0.1 - - 
TOTAL 1611* 100.0 1036 64.5 
*Combinationsofvectorsandvaguelydescribedvectorshavebeenomittedfromthetableforclarityof
presentation.
2.3.2.1Adenoviralvectors
TheAdenoviridaefamilyconsistsofover55humanadenovirusserotypesin7species(AG).
Adenoviruses (ADVs) are medium sized (70100 nm in diameter) nonenveloped
icosahedralviruseswith2445kbofdoublestranded linearDNA(Shenk,2001,Enderset
al.,1956).ADVcapsidconsistsoftrimersofhexonproteinwithminorcomponentssuchas
proteinsIIIa,VI,VIIIandIX.Atthecapsidvertices,pentonbasesanchorthefiberprotein
whichareresponsibleforcellattachment.DNAaswellasproteinsV,muandhistonelike
proteinVIIarefoundinthecoreofthevirus.Inaddition,functionalADVparticlescontain
10copiesofcysteineendopeptidaseforcleavingstructuralpreproteinsintoamatureform
atthefinalstageofassembly.
ADV attaches to the host cell by binding to the knob domain of the fiber protein to
coxsackievirus B and adenovirus receptor (Hackett, 2004). A specialized RGD (ArgGly
Asp)motifinthepentonbasetheninteractswiththeavintegrinmoleculewhichtriggersa
clathrindependentreceptormediatedendocytosisforinternalizationoftheADVparticles.
Once theendosome isacidified,viralparticlesescape into thecytoplasmbysomepoorly
understoodmechanism.TheADVcapsids are then transportedbydynein traffickingvia
microtubulesintothenuclearporecomplexwheretheparticlesdisassemble.ViralDNAis

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releasedthroughanuclearporeintothenucleuswhereitassociateswithhistonemolecules
andviralgeneexpressionandproductionofnewviralparticlesbegin.TheADVgenome
consists of early (E1A, E1B, E2E4) and late (L1L5) genes. First transcriptional unit
expressedistheE1AgenewhichshiftsthehostcellintotheSphaseofthecellcycleviaRB
pathway and activates the remaining early genes. As the cell cycle regulation causes
accumulationofp53,whichinnormalconditionswouldleadtoapoptosis,E1Bblocksthe
p53dependent apoptosis pathway. The E2 gene is a necessary protein forADV genome
replication,E3inhibitshostimmunereactionsagainsttheinfectedcellandE4proteinshave
arole in translationaswellascellcyclecontrol.LategenesL1L5areundersinglemajor
latepromoter(MLP)andarefurthersplicedalternativelyinto1520RNAclustersprimarily
encodingstructuralandotherproteinsinvolvedinviralassembly.
The so called first generation adenoviral vectors have the E1 region deleted (E1)
leadingtoabolishedviralpromoteractivationandimpairedreplicationbutalsofreeingup
5.1 kb of space for transgenes (Imperiale andKochanek, 2004,Danthinne and Imperiale,
2000). Inaddition, thedeletionof theE3genewasabletofreeupanother3kbofgenetic
space, amounting to a total vector capacity of 8.1 kb (Verma andWeitzman, 2005). The
generation of replication competent adenoviruses (RCAs) was problem in the first
generationADVs, as homologous recombinationwith the complementing cell lineswith
existingE1regionsoccured.ThefirstgenerationofADVswasalsocharacterizedwithhigh
cellular immune response against the vector preventing any longterm applications.
Immunological problemswerediminished and size of transgene increased in the second
generationADVs by deletions of E2 and E4 regions (Gao et al., 1996, Armentano et al.,
1995). Third generation ADVs are helperdependent, or gutless, as all viral genome is
strippedawayexceptfortheITRsandthepackagingsignal,leavingatotalof37kbsspace
forthetransgene(Hardyetal.,1997).
ADVsarethemostcommonlyusedviralvectorsingenetherapycomposing23.6%ofall
clinicaltrials.Theyareappliedinthetreatmentofcancer,vasculardiseaseandmonogenic
disorders. ADVs infect dividing and nondividing cells, have broad host tropism and
transientgeneexpression. Inaddition,ADVscanbeproduced inveryhigh titersmaking
large scaleproduction easy.However,ADVs are very commonhumanpathogenswhich
impliesthatmostpeoplecarryneutralizinganibodiestothevectorviruses.
2.3.2.2Retroviralandlentiviralvectors
Retroviruses(RVs)belongtotheRetroviridaefamilythatconsistsof7differentviralgroups
(aviansarcomaandleukosis,mammalianbtype,murineleukemiarelated,Dtype,human
Tcell leukemiabovine leukemia viral groups aswell as spumaviruses and lentiviruses).
Due to transformingpotential, the first fivegroupsare characterizedasoncoviruses.The
latter three constitute complex retroviruses which have multiple splice acceptor sites in
theirgenomesthatincreasegeneticvariation.RVsaresphericalvirusesapproximately100
nm in diameterwith a lipidbilayer derived from the host cell. The shape of the core is
dependentonthegenusofthevirus.Theretrovirusgenomeisalinear712kblongsingle
strandednonsegmentedRNAofpositivepolarityand itencodes thegenesgag,env,pol
andpro(Goff,2001).RVsarethesecondmostfrequentlyusedviralvectorsingenetherapy
clinicaltrials(20.6%)afterAVs.Theyhavewidehosttropism,canbeproducedinsufficient
quantities for clinical trials and are integrating vectors inducing a longterm stable
expressionofthetransgeneswithinthecells.
ThereplicationcycleofanRVstartswiththebindingofviralsurfaceproteintothehost
cellmembranereceptorenablingviralenvelopefusionwiththemembraneofthehostcell,
simultaneously releasing viral components into the cytoplasm. RVs have a characteristic
method of replication using reverse transcription of the viral RNA into linear double
strandedDNAandthesubsequentformationofpreintegrationcomplex(PIC)consistingof
DNA, reverse transcriptase enzyme, integrase, vpr, nuclear capsid and matrix proteins
(ShermanandGreene,2002).UsuallyRVsrequirecelldivisionforPICtoenterthenucleus

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and be integrated into the host genome (Gilbert and WongStaal, 2001). However,
lentiviruses(LVs)canactivelyenterthecellnucleusthroughthenuclearenvelopeandthus
able to infect also nondividing cells (Cockrell and Kafri, 2007). Once integrated, the
productionofviralgenomesandstructuralproteinsiscarriedoutandtheassembledviral
particlescontainingviralRNAexitthecellbuddingattheplasmamembrane.Gagencodes
responsibleforthesynthesisofviralprotein,formingthematrix,capsidandnucleoprotein
structures. Env encodes the proteins necessary for the surface and transmembrane
componentsofviralenvelope.Polencodesforreversetranscriptaseandintegraseenzymes.
Proencodesforviralprotease(Goff,2001).
AsRVsintegrateintothehostcellgenome,itispossibletoachievelongtermexpression
whichhasmadethemanattractiveoptionforgenetherapy(Coffin,1997).Mostcommonly
oncogenicRVs,suchasmurineleukemiavirus(MLV),spleennecrosisvirus,Roussarcoma
virusandavian leukosisvirus,havebeenused in thegene therapy.However,due to the
leukemiadevelopingin5of11childrentreatedwithretrovirusesagainstseverecombined
immunodeficiency (SCID) the United States Food and Drug Administration (FDA) has
reconsideredtheuseofRVsinclinicaltrialsandnowlimitstheiruseonlyinthetreatment
oflifethreateningdiseases(Check,2005).

LVs are complex viruses of theRetroviridea familydivided into 5 serotypes respective to
theirhostanimal(equine,sheep,goat,catandcattle).Themostwidelystudiedlentivirusis
human immunodeficiencyvirus 1 (HIV1). Thenucleocapsid ofLV is isometric and rod
shapedhaving60%ofproteinconsistingof5majorstructuralproteins(Gp120,Gp41,P24,
P17andNC).TheLVgenomehasadiploidsinglestrandedpositivesenseRNAencoding
thecommonelementsofgag,pol,envandproaswellassixadditionalregulatoryproteins
(vif,vpr,vpu,nef,tatandrev).Thefirstfourarecriticalforpathogenesisandreplicationin
vivo. Tat is a transactivator of transcription and rev regulates alternative splicingof viral
genes(Freed,2001).
AsHIV1causesacquiredimmunodeficiencysyndrome,amajorefforthasbeenputinto
removing all viral and nonessential sequences from the LV vector to hinder viral
replication and potential generation of replication competent lentivirus. Therefore, the
current third generation LV vectors are produced by cotransfection of four separate
constructsintoproducercells(3helperand1vector).Incomparison,thefirstgenerationof
LVswereproducedwiththreeseparateconstructsincludingpackagingconstructfreeofthe
packaging signal, env and the transfer vector RNA, without viral genes (Naldini et al.,
1996).Asregulatoryproteinsvif,vpr,vpuandnefwerenotnecessaryforgenetransfer,a
second generation of LV vectors had these additional regulatory proteins removed
(Zuffereyetal.,1997).AfurtherincreaseinthebiosafetyoftheLVvectorwasachievedin
the third generation by substituting the tatdependent transcription sequence with an
alternativeheterologouspromoterfromcytomegalovirusorRoussarcomavirusaswellas
deletingpartsofthe5longterminalrepeatsequencesformingaselfinactivatingLVwhere
viral promoter and enhancer elements are eliminated during integration (Zufferey 1998,
Verma1998,Delenda,2004).
LVs offer stable long term expression in both dividing and nondividing cells, with
optionaltransienttransductioniftheintegraseisremovedfromthegenome(Philippeetal.,
2006).  However, due to difficulties in the production of high titer batches and safety
concernsduetoinsertionalmutagenesis(Liuetal.,2006),LVshavebeenusedonlyin2.2%
of clinical trials. There have been several preclinical successes using LVs in treatment of
Alzheimer’s, Parkinson’s andHuntington’s diseases aswell as in immunodeficiency and
hematopoieticdisorders(Mortellaroetal.,2006,Brownetal.,2007,Lundbergetal.,2008).
2.3.2.3Alphaviralvectors
Alphaviruses (ALVs) belong to a genus of theTogaviridae family.Nearly 30 viral strains
among thegenusaredivided furtherbygeographicdistribution intoVenezuelanEquine

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Encephalitisvirus(VEE),Sindbisvirus(SIN)andSemlikiforestvirus(SFV)groups(Strauss
and Strauss, 1994, Luers et al., 2005). ALVs are enveloped spherical viruses which are
around 70 nm in diameter containing a single stranded RNA genome of positive sense
withinanisometricnucleocapsid.ThegenomeencodesfornonstructuralviralproteinRep
that is further cleaved into nsP1, nsP2, nsP3 and nsP4 and structural proteins for
nucleocapsid(proteinC)andenvelope(precursorP62forproteinsE1,E2and6K).Manyof
the30differentviruses found inALVgenusareofgreat interest forgene therapydue to
theirbroadtropismandhighleveloftransgeneexpression.
ALVs infect host cells via endocytosis executed by interaction between host cell
membranereceptorsandenvelopeglycoproteinsE1andE2(StraussandStrauss,1994).As
theviralenvelopefuseswiththeendosomemembrane,theviralparticlesarereleasedinto
the cytoplasmwhere the replication takes place.Within the first hours of infection, the
unprocessed Rep protein synthesizes complementary negative sense RNA. Rep is then
cleaved into individual nsP1 – nsP4 proteins that form a tetramer incapable of further
synthetizingnegativesenseRNAbutabletouseitasatemplateforsynthetizingmultiple
copiesoffulllengthpositivesensegenomicRNAaswellassubgenomicRNAwhichcarries
thestructuralgenes.SubgenomicRNAisfirsttranslatedintoalargepolyproteincomplex
whichisproteolyticallyprocessedintoindividualstructuralproteins.Afterviralassembly
atendoplasmicreticulum(ER)andtheGolgidevice,theviralparticlesbudoutofthehost
cell(Suomalainenetal.,1992,Lopezetal.,1994).
ALVs vectored transgene expression is detected only hours after transduction and
expressionpeaksafter24–48hourspostinfection.SinceALVscausenearlycompletehost
cell transcription and translation shutdown, virus and transgene proteins constitute the
majorityofallproteinsinthecellduringthelatestagesofinfection.Thesepropertiesmake
ALVsaexcellentgenedeliverytoolsforpurposeswherehighlevelofproteinproductionis
desirable(LiljestromandGaroff,1991),suchasvaccinationoraggressivecancertreatment.
ALVs have been used in gene therapy, immunotherapy, vaccination and oncolytic
treatments(VahaKoskelaetal.,2006,Maattaetal.,2008,Leitneretal.,2003,Colmeneroet
al.,2002).
2.3.2.4Otherviralvectors
Adenoassociatedviruses (AAV)are small (20nm indiameter)nonenvelopedvirusesof
theParvoviridaefamily.AAVsconsistof11serotypeswhichcanallinfectmultiplecelltypes
accordingtotheircapsidserotypes.AAVserotype2hasbeenthemostwidelystudiedand
commonlyusedserotypeas ithasnatural tropismforskeletalmuscles,neurons,vascular
smoothmusclecellsandhepatocytes(Wuetal.,2006).AAVscontaina4.7kb longsingle
strandedDNAofeitherpositiveornegativesensecomprisingoftwoopenreadingframes;
RepandCap.Repiscomposedoffouroverlappinggeneswhicharerequiredforthelife
cycle(CouraRdosandNardi,2007).CaphassequencesforcapsidproteinsVP1,VP2and
VP3thatformtheicosahedralAAVparticles.
As the name suggests, AAVs are helperdependent viruses,meaning that for genome
replicationtheyneedahelpervirus,suchasadenovirusofHerpessimplexvirus(Tenenbaum
etal.,2003).ThiscanmeanthatAAVscausealatentinfectionbyintegrationpredominantly
intothehostgenomeonchromosome19,whichcanbelateractivatedwiththehelpofthe
helpervirus.AAVisacommonlyusedvectorinclinicaltrials(4.8%)duetoitsbroadhost
tropismanditsabilitytotransfectbothdividingandnondividingcells.However,dueto
itssmallsize,transgenesizeislimitedinAAVvectors.Inaddition,existingAAVAbsare
commonlyfoundinmostadultscausingfurtherproblemsforAAVuse.

Baculoviruses (BV) are large rodshaped enveloped viruses measuring, 250300 nm in
length and 2550 nm in diameter, belonging to the large viral family of Baculoviridae
consisting of over 600 members (Airenne, 2009). BVs are divided into two genera;
granuloviruses (GV) containing only single nucleocapsid per envelope and

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nucleopolyhedroviruses (NPV), foundwith either a single orwith several capsids inside
the sameenvelope.Although,BVsare insectviruses, theyhaveabroad tropismandcan
enter cells of many species. However, they are not known to productively infect any
vertebrate animal cells. The most widely studied BV is Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) (Miller, 1997). It has a circular double stranded DNA
genomeof80180kbpsencodingthemajorcapsidproteinsVP39,p80andp24togetherwith
minor structural andotherproteins, suchas envelopeglycoproteinGp64 (Braunagel and
Summers,1994).
Infection of is mediated in nature by occlusion derived virus (ODV) inside protein
matrix(Williams,1997).Whenconsumedbyinsects,ODVsarereleasedinthemidgutdue
tothealkalineenvironmentdissolvingtheproteinmatrixandtheyaretakenintocolumnar
epithelialcellsviadirectfusionwiththeODVenvelopeandcellmembrane.Nucleocapsids
are transported to nucleus by actin filaments where they initiate viral transcription and
produce new BV particles. These particles become bud from the cells during secondary
infection. As the infection spreads, activeODVproduction leads to cell lysis, eventually
killingthewholeinsect.AsBVsarenotknowntoreplicateinmammaliancells,butareable
toexpressthegenesundermammalianpromoters,theycanbeconsideredtoberelatively
safe viral vectors (Airenne et al., 2009). However, BVs are rapidly inactivated by the
complementsysteminserum,restrictingtheirefficientusetoimmunopriviligedareas,such
as eye, brain and testis (Lesch et al., 2011). In additions, BVs are commonly used in
recombinantproteinproductionininsectcellsastheycanaccommodateverylargeinserts
andtheproductionisnotdependentonhelperviruses.

Poxviruses (PV) are large viruses of the Poxviridae family. PVs are divided into the
ChordopoxvirinaeandEntomopoxvirinaesubfamiliesaccordingto theirvertebrateandinsect
host preferences, respectively. Members of the latter groups have not yet been used as
vectors.ChordopoxvirinaeisfurtherdividedintoeightgeneraofwhichOrthopoxvirinaeisthe
mostwidely studied,namely theVariola (smallpox) andVaccinia strains.Generally,PVs
arebrickshapedenvelopedvirionsof200250nm indiameter containinga lineardouble
strandedDNAof130300kbswithahairpinloopateachend(Moss,2001).ThePVshave
averyvaried host range i.e. ranging from very broad to very specific, and the viral
replicationtypicallyleadstocelllysiswithin1224h.
Vacciniavirus (VV) has been used in multiple vaccination studies and programs to
eradicate smallpox (Walsh andDolin, 2011).One lingering disadvantage of VV is that a
portionofadultpatientsstillhavepreexisting immunityagainst thevectorandthismay
reduceitsefficacyasagenetransfervector.Assmallpoxvaccinationisnowadaysrestricted
toselectmilitarypersonnelandhealthcareprofessionals,thisproblemisdimishing.VVhas
been used in 6.2 % of clinical trials due to its broad host tropism, very high level of
transgene expression and large insert capability. Its lytic properties and tumor cell
selectivitymakeitapotentoncolyticvirus(Puhlmannetal.,2000).

Herpes viruses (HVs) belonging to theHerpesviridae family and these virusesare able to
infectmost animal species (Roizman, 2001). Themostwidely studiedherpes virus is the
Herpessimplextype1(HSV1),aDNAviruswithdoublestrandedlineargenomeof152kb
whichissurroundedbyacapsidanda lipidenvelope.TheHSV1genomeencodesmore
than 80 genes many of which are dispensable freeing space for incorporation of large
inserts, up to 40 kb. HSV1 has a broad host tropism, efficient and longterm transient
expressionanditcaninfectbothdividingandnondividingcells.Theinfectioncanbelytic
orlatent,althoughthelyticeventcanbeevadedbyremovalofimmediateearlygenesfrom
theviralgenome(Samaniegoetal.,1998).HSV1hasaninherenttropismforneuronalcells
makingitaparticularlyusefulviralvectorforthetreatmentofneurogenictumors

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2.3.2.5Nonviralvectors
Nonviralvectorsrefertoagenetransfertechniquewherethegeneofinterestistransferred
into the host cell by physical or chemical methods. The use of nonviral vectors is
considered to be safer since this bypasses several problems relatedwith the use of viral
vectors,suchasoncogenicityandendogenousviralrecombinationandsomeimmunologic
issues.However,thepresenttechniquesarenotregardedbeingasefficientasviralvectors
and they are usually capable only of short term expression (SchmidtWolf and Schmidt
Wolf,2003).
Physicalmethodsrelyontheuseofphysicalmanipulationofthecellstogainaccessfor
the naked plasmid DNA to gain access to the inside of the cells. The simplest method
wouldbedirectinjectionofgeneticmaterialeithersystemicallyorintothetissue.Theuse
of naked DNA without any carrier molecule is also the safest method as it minimizes
factors affecting the potential risks posed by the gene transfer.However, nakedDNA is
rapidly degraded or cleared from circulation by nucleases and phagocytes, respectively,
anditmaythereforelimittheexpressionandtheefficacygreatly.Inordertoimprovethis
possibility, several physical manipulations, such as electroporation, bioballistics,
sonoporation,hydrodynamicsandmagnetofectionhavebeendeveloped(MehierHumbert
and Guy, 2005). Cell membrane penetration can be aided by the formation of transient
pores, thereby enhancing gene transfer efficacy by the controlled use of electricity
(electroporation) or ultrasound (sonoporation).NakedDNA can also be transferrednon
virallytocellsbycoatingsmallgoldormagneticparticleswithDNAandeitherhavethem
shotintothetissuesusinga‘genegun’ortopulltheminsidethetissuesbyusingastrong
magneticfield(bioballisticsandmagnetofection,respectively).Inhydrodynamicdelivery,
a large volume of nakedDNA solution is rapidly injected into the patient and the high
pressurecausedbytheinjectionforcesthegeneticmaterialtoenterthecells.
Chemicalmethodsofgenedeliverycanbeconsideredasanattempts tosimulateviral
carriers instead of forcing DNA to enter the cell mechanistically. The most extensively
studied and used chemical methods of gene delivery involve cationic polymers and
liposomes, which have been shown to be more efficient in transduction than physical
methods (Pichon et al., 2010, Gao et al., 2007). Cationic polymer carriers, such as
polyethylenimine (PEI), form 100 nm nanoparticles or polyplexes, when combined with
negativelychargedDNAduetoelectrostaticforces.WhenDNAiscombinedwithcationic
lipomers,suchas1,2dioleoyl3trimethylammoniumpropane(DOTAP)or1,2,dioleoylsn
glycero3phosphoethanolamine (DOPE), the formation of slightly larger nanoparticles,
lipoplexes,measuring200300nmindiametertakesplace.Polyandlipoplexesenterthe
cellsviaclathrindependentorindependentendocytosisorviathecaveolarpathway.
2.3.3Conceptoftargetedtreatment
Although targeted treatment is not a novel concept inmedicine, the specific targeting of
drugmoleculesdidnot,however, beginuntil the 1980s as theproductionofmonoclonal
Abs was discovered by Köhler and Milstein (Kohler and Milstein, 1975). Conventional
treatmentofGBMbyvariousmodalities isoften limiteddue to thebroadandunspecific
effects of the nontargeted drug. This is especially true in the treatment of intracranial
lesions as they are surrounded by the BBBwhich can inhibit many drugs from gaining
access to the brain. Functional drug targeting provides the possibility to confine this
limiting toxicity within the tumor where it is needed, therefore decreasing overall side
effects even in equal dosing regimens (Goodwin andMeares, 2001). Simultaneously, via
drugtargetingsimilartreatmenteffectscanbeachievedalsowithlowerdosesofthedrugs
asarelativelyhigherpercentageof thecirculatingdrugactuallyreaches the tumor.Drug
targetingcanalsobeusedtoincreasethepermeabilityofthedrugthroughtheBBBwiththe
useofvariousmolecularTrojanhorses,encapsulationsormodificationsofthedrug(Zhou
et al., 2011, Frank et al., 2011, Boado et al., 2010). In addition to longer survival and
improving the quality of life of the patients or enhanced delivery of the drug into the

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tumor, targeteddrugtreatmentisnotonlybeneficialfor thepatientbutalsomakessense
economically,asthecostofGBMtreatmentisveryexpensive.Currently,treatmentofGBM
withTMZcanamountupto50,000€perpatient(average16,000€)andinthatsumTMZ
canevenaccountfor90%(average61%)ofthetotalcost(Wasserfallenetal.,2005).
Drug targeting can be achieved by several steps each increasing the specificity of the
treatment(Goldenbergetal.,2006).Thesimplestmeansofdrugtargetingisa‘onestep’–
method,ordirect targetingwhere thedrughasbeenconjugatedwitha targetingmoiety,
such as anAb. The drug/targetingmoiety –complex is then administered to the patient,
where the drug targets a specific cell or organ. Although themethod is not completely
accurate, it can decrease the toxicity of the treatment in other, offtarget organs of the
patient.Inanefforttoincreasetheoverallefficacyofdrugtargeting,additionalstepshave
been included into the regimen thereby creating a protocol for indirect targeting.As the
additional targeting steps are administered before the actual drug, indirect targeting is
commonlyreferredtoaspretargeting(Goodwinetal.,1984).Eachsubsequentstep in the
protocolincreasesthespecificityoftargetingofthedrugasthefreelycirculatingpreceding
targetingmoietiesarecleared.
2.3.3.1(Strept)avidinbiotintechnology
Abdrugconjugatesarecommonlypreparedbyusingchemicallinkers.However,complex
chemistry, i.e. the selection between several linkers and their characteristic properties,
aggregation and stability issues and the incapability of affecting a single moiety of the
moleculewithout inducing reactions in other similarmoieties, have increased the use of
avidinbiotin technology (Ducry and Stump, 2010). The straightforward interaction
between avidin and biotin is characterized by both specificity and high affinity binding
(Green,1990).Highaffinitybindingordinarilyprevailsincompetitivesettings,makingthe
avidinhighcapabilityofbindingbiotinextremelyadvantageous indifferentapplications.
Furthermore,avidinanditsanaloguesarestableagainstmanyenvironmentalfactors,such
asheat,denaturants,pHchangesorproteolyticenzymes.Inaddition,asthebiotinylationof
molecules is relatively simple, avidinbiotin technology is commonly used in various
biologicalassays,purifications,separations,targetingprotocolsanddiagnostics(Wilcheket
al.,2006,Laitinenetal.,2007,Laitinenetal.,2006,DiamandisandChristopoulos,1991).
2.3.3.2(Strept)avidinanditsanalogues
Avidin is a tetramericglycoprotein (62.4kDa)produced in theoviductsofbirds, reptiles
andamphibians anddeposited into eggwhite accounting for 0.05%of themass (Green,
1975,DucryandStump,2010).Avidin iscomposedof four identicalmonomers(15.6kDa
each)thatareallabletobindasinglebiotinmolecule(Hendriksonetal.,1998,Weberetal.,
1989,Livnahetal.,1993,Puglieseetal.,1993).Thesecondarystructureofavidinmonomer
iscomposedofeightantiparallel	strandswhichfoldintobarrellikequarternarystructure
containing the biotinbinding site. The monomers further form two dimers and then
consequently adimerdimer structure leading to a tetrameric typeof avidinprotein.The
mostpredominantfeatureofavidinisitsabilitytobindbiotinatahighspecificityandhigh
strength (Kd=1015M).However, thischaracteristicexistsonlybetween tetramericavidin
andfreebiotin.Theinteractionstrengthbetweenbiotinylatedmoleculesand/ormonomeric
ordimericformsofavidinisreduced.Thenaturalfunctionofavidinislargelyunknown;
however,itisthoughttoinhibitbacterialgrowthintheoviductbybindingbiotin,whichis
essential formicrobial growth (Board and Fuller, 1974).However, avidinproduction has
been demonstrated also after mechanical tissue injury, retrovirusinduced cell
transformation and septic bacterial infection (Elo and Korpela, 1984). Avidin is highly
glycosylated, comprisingmainly ofmannose andNacetylglucosamine residues, and is a
positively chargedproteinwithahigh isoelectricpoint (pI = 10.5) (DeLange, 1970,Bruch
andWhite, 1982). Therefore, avidin has a tendency to display nonspecific binding and
aggregationtosomeextentanditsbiodistributionisnotperfectastheglycosylationcauses

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itsaccumulationintotheliverandthebasicpIincreasesitsaccumulationintothekidneys
(Schechteretal.,1990,Klibanovetal.,1988).
Thebacterialanalogueofavidin,Streptavidin,isa60kDatetramericproteinwhichcan
be purified from Streptomyces avidinii. Although streptavidin has almost identical
secondary,tertiaryandquaternarystructuresasavidin,intermstheyarenotevolutionary
related in anyway and have only 30% sequence identity and 41% sequence similarity
(Green, 1990). Streptavidin has a lower affinity for biotin (Kd = 1013 M) than avidin,
however, it isnonglycosylatedandthereforeslightlyacidic (pI=56).Thismeansthat in
comparisontoavidinithasanimprovedbiodistributionpattern,increasedserumhalflife,
tendency for renal clearance and decreased nonspecific binding to lectinlike and
negatively charged molecules, compared to avidin (Schechter et al., 1990, Rosebrough,
1993).Nevertheless,since it isabacterialprotein,streptavidin ismore immunogenicthan
avidin(SubramanianandAdiga,1997,Knoxetal.,2000).
(Strept)avidinshavebeenextensivelystudiedandmodifiedinordertocreatemoreinert
biotinbindingmoietieswithimprovedbioapplications(Laitinenetal.,1999,Laitinenetal.,
2001,Laitinen et al., 2006,Laitinen et al., 2007).The earlymodifications included several
chemicalvariantsofthelysinemoietiesfoundinavidinasneutrallycharged(strept)avidin
was developed. These modifications caused problems at later stages as the lysines are
commonlyusedinthepreparationofavidinconjugates(Kaplanetal.,1983,Guesdonetal.,
1979, Finn et al., 1984). However, modification of the arginine moieties overcame these
problems.Inordertofurtherdecreasetheavidininteractionswithnonspecificmolecules,
the oligosaccharides were removed either chemically or enzymatically resulting in
modifieddeglycosylatedavidins,suchasNeutrAvidin(60kDa)withavailablelysinesand
neutralchargewithpIof6.3(Bayeretal.,1986).
Novel avidin modifications include monomeric and dimeric forms of (strept)avidins
whichresolvemanyof the issuesofaggregationof tetravalent(strept)avidins(Laitinenet
al., 2001, Laitinen et al., 1999). Furthermore,mutantswith decreased or environmentally
controlled biotin affinities for use in several separation assays (Nordlund et al., 2003,
Chilkotietal.,1995,AirenneandKulomaa,1995)havebeendeveloped.Inaddition,there
arenowheteromericdualandsinglechainmutantsdisplayingvariablebiotinaffinitiesfor
aplethoraofbioapplicationsexist(Nordlundetal.,2005a,Hytonenetal.,2005).
2.3.3.3Biotin
BiotinisawatersolublevitaminBcomplexknownalsoasvitaminB7orH.Itiscomposed
ofanureidoringfusedwithatetrahydrothiophenering,thelatterhavingalinkedvaleric
acidsubstituent(Combs,1992).Biotinisasmallmolecule(244Da)requiredbyallformsof
life yet only synthetized by some bacteria, algae, yeasts,molds andplants (Mock, 1996).
Biotinisboundtospecificlysineaminogroupsofseveralcarboxylasesanddecarboxylase
enzymes where it regulates gluconeogenesis, lipogenesis, amino acid degradation and
energy transduction via the transfer of CO2 between the metabolites (Knowles, 1989,
Otsuka and Abelson, 1978, Samols et al., 1988). In addition, more than 2,000 genes are
knowntobebiotindependentinmammalsandbiotinylationofhistonesisknowntohave
aroleinDNAdamage,genesilencingandcellproliferation(Zempleni,2005).
A high content of biotin is found in egg yolk, liver and in some vegetables. Dietary
intake of biotin in the western population is estimated to be 3570 g/d (Zempleni and
Mock,1999).Biotindeficiencyisassociatedwithsymptomssuchashairloss,conjunctivitis,
dermatitis, depression, lethargy, hallucination and numbness (Zempleni et al., 2008).
However, biotin deficiency is rare as intestinal bacteria usually produce biotin in excess
amounts.
Arelativelysimpleandfastprocess,whereinbiotincanbeattachedtoanothermolecule
is calledbiotinylation.Asbiotin isa rather inert,biotinylationofothermoleculesusually
does not affect the biological activity or function of the formed complex. In addition, as
biotinisubiquitousandithaslowtoxicityinmammalsandsinceithashighaffinityagainst

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avidin,biotinylationcanbeconsideredasanidealchoicefordrugtargeting.Biotinylation
can be achieved chemically for example via nonspecific biotinylation of amineswithN
hydroxysuccinimide (Wu et al., 1992), but can be accomplished specifically by enzyme
functioninducingsitespecificbiotinylationtoachievebettermoleculestability(Stolzetal.,
1998).Biotiniscovalentlyboundtoseveralcarboxylasesthroughaspecificlysinemoietyby
an ATPdependent function of a biotin protein ligand. Initially this mechanism was
harnessed as thePropioni bacterium shermanii transcarboxylase subunitwasusedwithin a
fusionproteinleadingtotheenzymaticbiotinylationoftheexpressedproteinatlysine89in
E.coliandSaccharomycescerevisiae(Cronan,1990).Later,abiotinacceptorpeptidesubstrate
forE.colibacterialproteinligase,BirA,wasisolatedandtheenzymaticbiotinylationprocess
wassuccessfullytransferredalsotomammaliancells(ParrottandBarry,2000,Parrottand
Barry,2001).
Thebiotin isboundinsideeach(strept)avidinmonomerwithmultiplehydrophilicand
hydrophobic interactions (Figure 2). Firstbiotin is lined into thebiotinbindingpocketof
avidin monomer by hydrophobic interactions with aromatic residues found in avidin
(Trp70, Phe72, Phe79 and Trp97) (Weber et al., 1989, Livnah et al., 1993, Pugliese et al.,
1993).Inaddition,Trp110fromanotheravidinmonomerisassociatedwiththeliningofthe
biotin.Followingthis,biotinishydrogenboundedextensivelybyseveralavidinmonomer
residues.Duringthebindingprocess,alsothestructureoftheproteinisrearranged,further
increasingthestrengthoftheinteraction.Instreptavidin,however,multipledifferencesin
bindingprocessleadtothedecreasedaffinityincomparisontoavidinbiotinbonding.The
liningofbiotinintostreptavidinbiotinbindingpockethappensonlywiththeinteractionto
Trp79, Trp92 and Trp108 from one streptavidin monomer and Trp120 from another
streptavidin monomer. Furthermore, the following hydrogen bonding is formed from
carboxylictailofbiotinonlytoAsn49andSer88(incontrasttoThr38,Ala39,Thr40,Ser73
andSer75inavidin).
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Figure 2. The amino acid sequence of avidin and the molecular interactions in avidin-biotin 
binding. Upper row: The amino acid sequence of the avidin monomer (modified from Livnah et 
al 1983 and Pazy et al 2002). Sequence is divided into groups of ten amino acids (marked with 
_). The residues interacting with biotin are depicted in white font. The residues forming the -
sheets of avidin tertiary structure are indicated by arrows. Lower left corner: Table displaying 
each individual residues and their interaction type with biotin. Lower right corner: The molecular 
structure of biotin showing hydrophilic interactions with avidin residues. Residues with grey 
background represent amino acids that differ from the residues in streptavidin during biotin 
binding.
2.3.3.4Pretargeting
The concept of pretargeting was introduced 25 years ago by Goodwin and colleagues
(Goodwinetal.,1986a,Goodwinetal.,1986b).Theseauthorssuggestedthattumorscould
be pretargeted by using dual specific agents (such as bifunctional Abs or Abavidin
conjugates)thatwouldbespecifictotheirtargetcellandtheirtherapeuticagent,inorderto
maximizetheaccumulationofthedrugtothepathologicalregionandminimizedamageto
healthycells.Inmostcases,thetargetingmoietywouldbefirstadministeredtothepatient.
Once the excessof the targetingmoietywas cleared from the circulation, the therapeutic
agentwouldthenbeadministered.Thus,thedrugshouldonlybindtothetargetingmoiety
presentinthepathologicalarea,andinthiswaydecreasetoxicityagainstthehealthycells.
Eachsubsequentstepintheprotocolincreasesthespecificityoftargetingofthedrugasthe
freelycirculatingprecedingtargetingmoietiesarecleared(Table3).
AnItaliangroupledbyPaganellihasevaluatedseveraldifferentpretargetingprotocols.
These include 2, 3, and 5step techniques and are based on the (strept)avidinbiotin –
interactions.The2stepprotocolwastestedinastudyconductedinovariancancerpatients,
where the biotinylated antifolate receptor Ab was injected intraperitoneally (i.p) to 15
patients, followed by i.p. injection of 111Inlabeled streptavidin three to five days later.
Measurementsof radioactivityof the resected tumorsamples indicatedsuperior levelsof

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radiationinthetumorsoftargetedgroup(Paganellietal.,1992).Thesamegrouptesteda3
step protocol in patients with carcinoembryonic antigen (CEA) expressing tumors
(Paganelli et al., 1991). A total of 19 patients were injected intravenously (i.v) with
biotinylated antiCEA Ab, followed by unlabelled avidin injections three days later.
Unlabelledavidinwasadministered to clearnonboundAbs from theblood. In the third
step,111Inlabeledbiotinwasadministeredtothepatients.Alltumorswereexaminedwith
reasonable tumortobackground ratios. Since avidin has a much shorter halflife in the
circulationthanitsbacterialcounterpart,streptavidin(Nordlundetal.,2005b)itwasused
asaclearingagent.AvidincanrapidlybindtobiotinylatedAbswithinthecirculationand
even if left unbound, it clears rapidly through the liver and the kidneys in contrast to
streptavidin,whichhasarelativelylonghalflife inthecirculation.Duetothisandlower
nonspecific binding profile of the streptavidin, it exhibits better characteristics to bind
tumors pretargetedwith biotinylatedAb than avidin. Therefore, the 3step protocolwas
modified by replacing the second step with a sequential injection of avidin and
streptavidin. This 4step protocolwas used in an imaging studywith 30 ovarian cancer
patients (Magnani et al., 2000). In all patients, the lesions were visualized and no false
negativeresultswereobtained.Finally,a5stepprotocolwasdevisedwithanextraclearing
agent in the form of biotinylated albuminwas introduced to remove excess streptavidin
fromthecirculation(Paganellietal.,2001,Paganellietal.,1999).Patientswitheithergrade
III or IV glioma received intravenous injection of biotinylated antitenascin Ab. On the
followingday, thepatientsreceivedinjectionsofavidinand30minutes laterstreptavidin
andonthenextdayallpatientsreceivedbiotinylatedhumanalbuminastheclearingagent
toreducelevelsofcirculatingstreptavidinandfinallytenminuteslater,radiolabeledbiotin
was injected. From a total of 48 patients, the results showed a complete response in 4
patientsandapartialresponsein2patients.
Table 3. Pretargeting protocols in clinical use. 
Protocol Step Explanation 
2-step Biotinylated Ab 
(Strept)avidinylated therapeutic agent 
Accumulates into tumor 
Binds to monoclonal Ab 
3-step Bioinylated Ab 
Avidin 
Biotinylated therapeutic agent 
Accumulated into tumor 
Binds to Ab 
Binds to avidin 
4-step Biotinylated Ab 
Avidin 
Streptavidin 
Biotinylated therapeutic agent 
Accumulates into tumor 
Clears Ab from circulation 
Binds to Ab in tumors 
Binds to streptavidin 
5-step Biotinylated Ab 
Avidin 
Streptavidin 
Biotinylated albumin 
Biotinylated therapeutic agents 
Accumulates into tumors 
Clears Ab from circulation 
Binds to Ab in tumor 
Clears streptavidin from circulation 
Binds to streptavidin in tumor 
2.3.3.5Deliveryproblemsduetobloodbrainbarrier
TheBBBisaphysicalbarrierpresentinthemicrovasculatureofthebrainwhicheffectively
protects thebrain fromvariousmicrobes and toxinspresent in the circulation.However,

32

theverysamebarrierlimitsthepassageofmanytherapeuticalmoleculesintothebrainand
inthatwaycanimpairtheirefficacy.ThecapillariesoftheBBBdifferfromothercapillaries
ofthebodyinseveralrespects(Chodobskietal.,2011,Pardridge,2002b,SinghandMathur,
1990).First,unlikenormalcapillaries,thelayerofendothelialcells(EC)intheBBBisvery
dense and contains multiple tight junctions between the ECs forming a closed vessel
structure restricting the free paracellular passage of large hydrophilic molecules or
microscopicorganisms into thebrain. Second,ECsof theBBB share thebasalmembrane
withpericytes,whicharephagocytoticcellsregulatingtheBBBpermeabilityandcapillary
blood flow. Furthermore, the astrocytic foot processes, are found surrounding both
pericytes and ECs forming an additional barrier zone, glia limitans. Although various
metabolic molecules cross the BBB through active transport via specific transporter
proteins,manychemotherapeuticcompoundsarenottakeupbytheseproteins.Naturally,
as the tumorgrows,GBMwilldisruptpartof theBBB insomeareas,grantingaccess for
moleculesintothetumor(Schneideretal,2004).
Studieshave shown that only small lipophilicmolecules (< 500Da) can cross theBBB
passively by lipidmediated free diffusion and this is a requirement that excludesmore
than 98 % of all small molecules (Reith, 2007, Kirkwood and Sears, 1976). Thus vast
majorityof smallmoleculesaswell asother largerand/orhydrophilicmoleculesneed to
utilize an active transportation system,  the carriermediated transport (CMT) or the
receptormediated transport (RMT) (Pardridge, 2002b,Uenoet al., 2010).RMT transports
specificmoleculessuchasAbs,insulinortransferrinviaclathrindependentorindependent
endocytosis.Dependingonthereceptorlocationontheluminalandabluminalmembranes,
RMT can be either unidirectional, such as is the case for immunoglobulin Fc receptor
(braintoblood) and scavenger receptor (bloodtobrain), or bidirectional, such as the
transferrinreceptor(bloodtobraintoblood)(Skarlatosetal.,1995,ZhangandPardridge,
2001a,ZhangandPardridge, 2001b). InCMT, themovement ofpolarmolecules, such as
glucoseandaminoacids,acrosstheBBBareregulatedbyspecificcarrierproteins,suchas
GLUT1andLAT1, inabidirectionalmanneracrossthemembranes(Uenoetal.,2010). In
addition, the CMT also is subjected to a competition between the transportedmolecules
andsaturationofthesystem.However,dependingonthesituation,CMTcanberegarded
aspassivefacilitateddiffusionorasanactivemeansoftransportrequiringtheconsumption
of adenosine triphosphate (ATP) for energy (e.g.Na+/K+ pump). In addition toRMT and
CTM, a third transportation system exists in the BBB called the activeefflux transport
(AET);thisisanunidirectionalsystemcomprisingofseveraleffluxproteins,suchastheP
glycoproteinandorganicaniontransportingpolypeptide type2.AETmediates theactive
transport of several drugs from braintoblood, decreasing the concentration of AET
substratesinthebrain(Wilhelmetal.,2011).
IncreasingtheefficacyofGBMtreatmentviaincreaseduptakeofthedrugsintothebrain
canbeachievedbyselectively targetingRMTandCMTwithmolecularTrojanhorses. In
addition, treatment efficacy can be further increased by inhibition of AET function by
scapegoat drugs. Molecular Trojan horses are engineered fusion proteins or chimeric
peptidesconsistingofthetherapeuticdrugandthemoietyresponsibleforassistingpassage
across the BBB. The principle of the method was demonstrated in a study with double
targeted chimeric peptide consisting of the Ab against transferrin receptor and an EGF
DTPA111In–complex.ThechimericpeptidewasusedtosuccessfullycrosstheBBBviaRTM
mediatedendocytosisandthentherewasaccumulationintoU87humangliomacell lines
overexpressingEGFRinanorthotopicnudemicemodel(KuriharaandPardridge,1999).
2.3.4Avidinexpressingfusionproteins
Variouspretargetedcancertherapieshaveimprovedthesurvivalandthequalityoflifeof
patients. However, crossreactive antigen epitopes capable of Ab binding are generally
foundalsoinofftargettissuesandorgansandthisreducesthebenefitsoftargetedtherapy.
In an effort to improve and simplify the treatment protocol, our group developed two

33

avidinfusionproteinscapableofbindingbiotinylatedtherapeuticcompoundsatthetarget
siteafterlocalgenetransfer.Moreover,thesemultifunctionalavidinfusionproteinscould
bealsousedgenerallyastoolsforachievingtargeteddrugdeliveryindiseasesotherthan
cancer.
2.3.4.1Scavidin
Thefirstof theavidinfusionproteins,namedScavidin,wasgeneratedinearly2000from
macrophagereceptorclassA(MSRA)andavidinbyreplacingtheCterminalandcollagen
like domains of MSRA with avidin, thereby creating a fusion protein containing the
cytoplasmic and transmembrane domains ofMSRA fused to avidin (Lehtolainen et al.,
2002). Scavidin was shown after retroviral transduction to be expressed mainly in a
tetrameric form on cell membranes where it showed some degradation after 10 hours.
Importantly, Scavidin retained the biotinbinding capacity of avidin and was shown to
functioninvivowhereitwasabletosequesterbiotinylatedmoleculesinthetargetareawith
ahighdegreeofspecificity.
2.3.4.2Lodavin
The second generation avidinfusion protein, Lodavin, consisted of the endocytotic
componentoftheLDLRandextracellularavidin(Figure3)(Lehtolainenetal.,2003).Like
Scavidin,Lodavinwasshowntobeexpressedonthecellmembranesfavoringatetrameric
structureafterviraltransductionanditboundbiotinylatedcompoundsbothinvitroandin
vivo.However, itwasobserved that theLDLRfusionproteinhadamorestablestructure
thanthescavengerreceptorfusionprotein.Lodavinwasnotdegradedsignificantlyafter11
hours.Althoughbothfusionproteinssharedsimilarintracellularlocalizationsbeingmostly
in the vesicular structures in early endosomes, Lodavinwas found to be localizedmore
abundantlyon the cell surface compared toScavidin, an importantproperty for targeted
therapies. Earlier studieswith Scavidin had shown nonspecific binding of the avidin to
some extent to negatively charged materials, such as lectins. In order to reduce this
unwantedproperty,threevariantsinwhichtheavidincomponentofLodavinwasmutated
were generated; nonglycosylated, acidic pI and nonglycosylated acidic pI Lodavin.
However,biotinbindingstudiesshowedthattheacidicpILodavinmutantswereinferior
to unmodified and nonglycosylated Lodavin, most probably due to their favored
monomericstructure.
Scavidinstudiesrevealedthatexvivotransducedgliomacellseffectivelyboundbiotinin
amalignantratgliomamodel.InLodavinstudies,thetransductionefficiencyinvivowasat
its best 5 % after SFV based gene transfers. However, biotinylated HRP and transferrin
were shown to accumulate into the areaof gene transfermore efficiently than in control
animals, suggesting efficient targeting of both biotinylated small molecules and active
ligands. Although direct comparison of avidinfusion protein is not possible due to the
differentprotocols, it can be concluded that theybothwere expressed in rat glioma at a
highlevelandtheywereabletobindbiotinylatedcompounds.

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Figure 3. Schematic illustration of the expression of the avidin-fusion protein on the cell 
membrane after local gene transfer. 
2.3.4.3Otheravidinexpressingagents
Theavidinhasalsobeenfusedwithviralvectorsandantibodiesinordertoimprovetheir
propertiesortargetingefficacy.Fusionwithavidinallowseasiermodificationsoftheviral
vectorsasonlythetargetingligandscanbechangedinsteadofcloningandproducingthe
viralbatchfromthebeginning.AvidinwasincorporatedintoBVbygeneticmodifications
of the envelope glycoprotein gp64 (Räty et al., 2004). The produced vector displaying
avidin on the envelope, Baavi, was demonstrated to have a significantly increased
transduction efficacy that was suggested to be due to the cationic avidin, causing
adsorptiveendocytosisduetotheanionicchargesonthecellularsurfaces.Inaddition,an
evenfurtherincreaseintransductionefficiencywasseenifthebiotinylatedcellswereused
ashosts.Furthermore,Baaviwassuccessfullytargetedwithmagnetsafterincubationwith
biotinylatedparamagneticparticlesandwithEGFtocancercellsoverexpressingEGFR.The
samegrouppublishedlatersimilarmodificationsfortheLVvector(Kaikkonenetal.,2009).
LVpseudotypedwithgp64andexpressingavidinontheenvelopewasshowntoincrease
transduction efficacy and ability to be targeted into cells expressing EGF, CD46 or
transferrin receptors. Furthermore, the authors demonstrated a potential combination of
MRIandSPECTimagingmodalitiesasbothbiodistributionandthegeneexpressionofthe
vectorwerestudied.Avidinexpressingviralparticleswerelabeledwithbiotinylated111In
DTPAandtrackedwithSPECTwhereasaccumulationofironwasshownbyMRIintothe
areaexpressingthetransgeneencodingferritin.
Avidinhasalsobeenfusedtoantibodiesenablingtheabilitytotargetdrugsmolecules
intocellsexpressingspecificreceptors,suchasinsulinortransferrinreceptors(Penichetet
al., 1999, Boado et al., 2008). For example, an antibody against transferrin receptor was
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fused with avidin and demonstrated to successfully deliver biotinylated molecules into
cellsexpressingtransferrinreceptors(Ngetal.,2002).Unexpectedly,thefusionproteinalso
displayedgrowthinhibitioninsomecelllineswhichwasthoughttobeduetoblockadeof
ironuptakeandtransferrinreceptordownregulation.Becauseofthis,itwassuggestedthat
Abs with no growth inhibitory effects could be possibly transformed into cytotoxic
treatmentsforspecificcellsbyfusionwithavidin.
2.3.5Targetedtreatmentsofglioblastoma
Sincemanyoftheantineoplastictreatmentshaveaneffectonlyonthedividingcells,they
tend to have a relatively greater effect on the rapidly proliferating cancer cells than the
healthy normal cells. Therefore, the GBM is a good potential malignant candidate for
targeted therapiesas the tumor lesion is essentiallya rapidlyproliferatingdensemassof
cellsagainstabackgroundofnondividingbrainparenchyma.Hence,manyapproachesfor
targetedtherapyoftheGBMhavebeenevaluatedinclinicaltrialsandpreclinicalstudies.
Theseincludesuicidegenetherapy,modulationoftheimmuneresponseagainstthetumor,
armed Abs, oncolytic viruses, antiangiogenic treatments and genetic corrections of the
underlyingmutationsofthemalignantcells.
Currently,thefoundationoftargetedtreatmentofGBMiscommonlybasedontheuseof
monoclonal Abs directed against the specific tumor antigens, such as overexpression of
EGFR. The main problem in the use of extremely specific treatments is that despite
improvingthepatientsurvivalandwellbeinganddecreasingthetoxicityofthetreatment,
themodality is toospecific tocombatan increasinglyheterogenoustumorsince thereare
constant mutations occurring within the tissues. Therefore, the use of highly specific
targeted therapies may actually, to some extent, cause the eradication of certain less
aggressivemalignant cell types or subpopulation leading to the ‘evolution’ of the tumor
tissueintoamoreaggressivehypermutatedform(CasiandNeri,2012).
2.3.5.1Suicidegenetherapy
In suicide gene therapy, an inactive nontoxic prodrug is converted into an active toxic
metabolite within the tumor due to the catalytic action of enzymes (Iwami et al., 2010).
Suicidegene therapy iswelladapted to the treatmentofGBMas the toxicmetabolitesof
prodrugsgenerallyinhibitimportantfunctionsincelldivisionandarethereforeinherently
targeted only to the dividing tumor cell. The cells in the brain parenchyma do not
proliferate. In addition,many of the toxicmetabolites are able to diffuse to neighboring
cellstherebyevokingasocalledbystandereffectthatcausetocelldeathsalsointhosecells
that does not expressing the suicide gene (Lawler et al., 2006). Themostwidely studied
suicidegene/prodrugcombinationistheHerpessimplexvirusthymidinekinase(HSVtk)
and ganciclovir (GCV) therapy (Pulkkanen and YlaHerttuala, 2005). When the i.v.
administeredGCV,ananalogueof2deoxyguanosine,reachesthecellscontainingHSVtk
after local gene transfer, GCV is phosphorylated by the HSVtk into its monophosphate
derivate. GCV is then further phosphorylated by the cellular kinases into GCV
triphosphate,thetoxicmetabolitethatinhibitstheincorporationofdGTPintoDNAduring
the Sphase of cell cycle resulting in termination of DNA elongation process and cell
proliferation (Mesnil and Yamasaki, 2000, Rubsam et al., 1998). In order to target the
treatment to GBM, the suicide gene should be absent or inactive within the patient’s
healthytissues,theprodrugshouldbeeffectivelyandselectivelycatalyzedbytheenzyme
encodedbythesuicidegeneandthetoxicformoftheprodrugshouldonlyaffectthetumor
cells.Sincesuicidegenetherapyinherentlykillsonlydividingtumorcellsthismeansthatit
isahighlyspecifictreatmentforGBM.However,asGCVhasratherpoorpharmacokinetics
decreasingitsefficacyoftreatment,severalnovelGCVanalogueshavebeeninvestigatedin
attemptstoimprovethis(Denny,2003).Othersuicidegenetherapy/prodrugcombinations
includecytosinedeaminase/5fluorocytosine,cytochromep450/cyclophosphamide,E.coli
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purinenucleosidephosphorylase/purineanaloguesandcarboxypeptidaseG2/4benzoyl
Lglutamicacid.
2.3.5.2Immunotherapy
The body’s natural defense against glioma or any other cancer is through activation of
immune defense against the transformed cells. However, it is known that cancer cells
actively suppress the immune system (Hussain andHeimberger, 2005). First, due to the
immunologicallypriviligednatureofthebrainasitissurroundedbytheBBB,itcontains
no or only a lownumber of natural killer cells (NK), and a very low amount ofMHC I
expression and lacks conventional lymphatic vessels (Branco et al., 2011, Vauleon et al.,
2010, Yamasaki et al., 2003). Second, tumor cells release/express several molecules with
immunosuppressiveproperties,suchastransforminggrowthfactor	(TGF	),interleukin
10 and vascular endothelial growth factor (VEGF). For example, TGF	 is known to
suppressinterferon
andFasligandproductioninTcellswhicharenecessaryforcellular
activation(Plattenetal.,2000,WellerandFontana,1995). Inaddition,TGF	 isknownto
downregulate the activating receptors on NKs and cytotoxic Tcells. Lastly, the tumor
microenvironment harbors several immunosuppressive cell types, such as regulatory T
cellsandmyeloidderivedsuppressorcellswhichinhibitTcellsanddendriticcells(DCs),
whichagaininhibitNKs(Albesianoetal.,2010).
Thegoalof immunotherapyis toactivatethehost immunesystemandtosensitizethe
tumor for effective eradication and disease control either by adoptive or active means
(Vauleonetal.,2010). Inadoptiveimmunotherapy,theimmunecellsareactivatedexvivo
andthentransferredbackintothetumoror tumorcavityof thepatient.Forexample, the
activationof immune cells canhappenby ex vivocultivationof autologous leukocytesor
tumorinfiltrating leukocytes in the presence of high concentration of IL2 leading to
subpopulationoflymphokineactivatedkillercells(LAK)containingTcellsandNKswith
specific cytolytic properties against the tumor (Dillman et al., 2004). There have been
severalclinicalstudiesexaminingthetreatmentoftumorswithLAKs,however,thetoxicity
ofthetreatmenthasbeenrathersevereandtheefficacyvariable.OnerecentFDAapproved
adoptive immunotherapy treatment isSipuleucelTbyProvengeused in the treatmentof
hormonerefractory prostate cancer where DCs extracted from the patient are incubated
withfusionproteinconsistingofprostaticacidphosphataseandgranulocytemacrophage
colonystimulatingfactor.ActivatedDCsarethenreturnedintothepatienttoprovokean
immuneresponseagainstprostatecancercellsofwhichthemajorityexpresstheprostatic
acidphosphatase (Wesleyetal.,2012).  Inaddition, it isworthnoting thatAbsalonecan
elicit cell death through antibodydependent cellmediated cytotoxicity (ADCC) or
complement dependent cytotoxicity (CDC). Once bound to tumor cell antigen, the Fc
domainofanAbisavailableforNKsorcomplementprotein,dependingonthestructureof
the Ab. In ADCC, NKs become activated via the Fcdomain and then release perforins
which are poreforming proteins as well as proteolytic enzymes and chemokines that
eventually force the tumor cell to undergo apoptosis (Gartner, 2006). CDC leads to a
complementdriven apoptosis, where the Fcdomain of Ab activates a cascade of
complementproteinswhichattachthemselvestothecellmembrane.Afterattachment,they
form a membrane attack complex that promotes membrane pore formation and water
diffusion into the cell, leading to cell death (Knowles, 2005). For example, rituximab is a
commercially available chimeric Ab targeted to CD20 on the Bcell membrane and Fc
domain forbothADCCandCDC.Rituximab isused in the treatmentof severaldiseases
characterizedbyanexcessofBcells,suchaslymphomasandleukemias(Meyetal.,2012,
Schlaak et al., 2012). Another example is ipilimumab, a human antibody that binds to
cytoxic Tlymphocyteassociated antigen 4 which downregulates Tcell activation.
Ipilimumab inhibits this function and thereby increases antitumoral activity by reducing
immunosuppression(Hodietal.,2010).
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Active immunotherapy, or tumor vaccination therapy, consists of administration of
antigens to the patient in order to promote a tumor specific immune reaction. Antigens
fromvarioussources,suchasinactivatedtumorcells,tumorlysatescontainingproteinsor
mRNA or natural and synthetic peptides can be used alone, with adjuvants or in
combination with antigenpresenting cells (Myc et al., 2011). Although various cancer
vaccination therapies are under experimental investigation or in clinical trials, the fact
remains that themajority of tumorassociated antigens are not exclusively expressed on
tumorcells,orareonlyexpressedinasubpopulationoftumorcells,leadingultimatelyto
treatmentfailure.
2.3.5.3Immunoconjugates
Immunoconjugates are tumorspecific Abs or Abfragments armedwith awide array of
differenthighlytoxic therapeuticagentssuchasdrugs,toxins,radioactiveligandsaswell
as prodrug converting enzymes (Casi and Neri, 2012). As the antineoplastic drugs are
associated with offtarget toxicities, the possibility of minimizing this drawback by
combinationwiththehighlyspecifictargetingabilityofamonoclonalAbisinteresting.For
example, the Abbased drug carrier, Brentuximab vedotin consists of a monomethyl
auristatinE basedAbdrugconjugateagainstCD30and itwasrecentlyapprovedby the
FDAforthetreatmentofanaplasticlargecelllymphomaandHodgkinlymphoma(Furtado
andRule,2012).OneproblemwithAbdrugconjugatesistheneedforchemicalconjugation
resultingincomplexaggregatesandadecreaseindrugstability.Immunotoxinsfunctionin
averysimilarmannerasAbdrugconjugates;however,theyareproducedbyrecombinant
DNAtechniquestherebyomittingthecomplexchemistry(LiandHall,2010).Oneexample
isDenileukindiftitox,anFDAapprovedimmunotoxinconsistingoftheIL2anddiphtheria
toxinforthetreatmentofTcell lymphoma(Telangetal.,2011).CombinationofAbswith
radioisotopes (radioimmunotherapy) is an interesting immunoconjugate modality as it
combines the specificity of tumorhomingAbswith thenondiscriminating cell killingof
ionizingradiation,enablingitseffectiveusealsoinsolidtumormasses(Aartsetal.,2008).
TheFDAapprovedradioimmunotherapeuticmodality,Ibritumomabtiuxetanconsistsofa
CD20 targeting chelate labelled with either 90Yttrium or 111Indium. It is used in the
treatment and imaging of Bcell nonHodgkins lymphoma (Arrichiello et al., 2012).
Antibodydirected enzymeprodrug therapy (ADEPT) is a highly targeted treatment that
combinesthespecificityofAbswiththeselectivityofprodrugtherapies(Bagshawe,2009).
The first clinical trial usingADEPTwas conducted against colorectal carcinoma.ADEPT
consistsofaAbfragmentagainstCEAconjugatedwithbacterialenzymecarboxypeptidase
G2 and it has been reported to achieve tumor responses and acceptable safety profile
(Napieretal.,2000).
2.3.5.4Oncolyticviruses
Virusesthatpreferreplicationwithintumorcellsandultimatelycausecelldeatharecalled
oncolytic viruses (OVs). Tumor cell destruction takes place due to the lytic cycle of the
viruses.Ultimately,thereplicationendsinthelysisofthehostcellasitbecomesfilledwith
viral particles. These particles are then subsequently released into the surrounding
extracellularspaceafterwhichtheycaninfectothercellsandrepeatthecycle.Inaddition,
cellscanbedestroyedduetodirectcytotoxicityofcertainviralproteinsorbecauseofahost
immunereactiondueto immunogenicviralpresencewithin thecancercell (Wollmannet
al.,2012).OVscanalsobeengineeredtoprefertumorcellseitherbysurfacemodifications
or conditioning so that they replicate in response to tumorspecific promoters or specific
mutations, such as defective p53. For example, ONYX015 is a modified oncolytic
adenovirus that lacks theE1Bgeneencodingproteinnecessary forp53silencing forviral
replication (He et al., 2009, Opyrchal et al., 2009). Therefore, ONYX015 is incapable of
replication in healthy cells which contain a functional p53 protein. ONYX015 was
investigatedinseveralclinicalphaseIandIItrialsforthetreatmentofawiderangeofp53
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deficientcancers.Severalotheroncolyticvectors,suchasHerpessimplexvirus,Vacciniavirus
and Sindbis virus, have been evaluated in treatment of GBM with promising results
(Gridley et al., 1998, Martuza et al., 1991, Wollmann et al., 2005). In these studies, a
neurovirulent, thymidine kinasenegative mutant HSV was used in the treatment of U
87MG gliomas achieving prolonged survival in an orthotopic nude mice model.
Furthermore,   a recombinant VV was used in combination with radiotherapy in p53
deficient C6 rat glioma in athymic mice, resulting in significantly decreased tumor
progression.Finally,SINwasfoundtospecificallyeradicateU87MGcellsbothin invitro
coculturewithhumanfibroblastsandinaninvivoSCIDmicemodel.Multipleclinicaltrials
using OVs, such as HSV, reovirus, Newcastle disease virus, measles virus, vesicular
stomatitisvirusandVV,totreatGBMhavebeenconductedrecently(reviewedbyHaseley
et al., 2009). These trials have demonstrated OV therapy of GBM to be relatively safe.
However,furtherpreclinicalexperimentationtoimproveviralspread,oncolysisandcancer
cellselectivityoftheOVsisnecessarytoreachmoreefficientoncolyticGBMtreatment.
2.3.5.5Cellsignalingandgenecorrectiontherapy
Ascancerisadiseasecharacterizedbyseveralkeymutationswithinthegenomeleadingto
uncontrolled cell division and dysfunctional apoptotic safety mechanisms (Ohgaki and
Kleihues, 2009), one approach to cancer therapy is to normalize these cell functions. For
example,thegrowthpromotingeffectsofEGFRoverexpressioncanbecounteredeitherby
highaffinityinhibitoryantiEGFRAbswhichcompetewiththenaturalligandorwithsmall
molecules interfering with the downstream signalling. Cetuximab, a chimeric Ab, is a
targeted inhibitorofEGFRfor the treatmentofmetastaticcolorectalcancerandheadand
neckcancer (Niyazietal., 2011).Furthermore, thereareseveral tyrosinekinase inhibitors
available thatbind to the intracellularATPdomainofEGFR, therebyeffectivelyblocking
thesignalingcascade(BerezowskaandSchlegel,2011).PhaseIandIIclinicaltrialsinGBM
have been conductedusing erlotinib and gefitinib, smallmolecule EGFR inhibitors,with
prolongedresponsesachieved inpatients (Pollacketal.,2011,Raizeretal.,2010).Several
commerciallyavailableAbsandsmallmoleculescaninterferewithothercancersignalling
pathways(Huangetal.,2009).
Treatmentcanalsobeachievedbygenetherapywherethecancercell is transducedto
express either similar signaling pathway mediators as mentioned above or functional
versions of themalignant proteins, such asmutated p53 or RB1, in order to restore the
ability lost due to the cancerous mutation in the cell (Rao and James, 2004). Several
publicationshaveshownthatbyintroducingthefunctionalproteinintothemalignantcell
expressing the mutated form of the protein, it is possible to inhibit aggressive growth
and/or activate apoptosis. For example, reduced proliferation of tumor cells has been
observed invitro upon introduction ofwild type p53 through gene transfer (Asai et al.,
1994). In animalmodels, p53 gene therapy has resulted in decreased tumor volume and
increasedsurvival(Badieetal.,1998,Ciriellietal.,1999).
2.3.5.6Antiangiogenictherapy
Angiogenesisisahighlycomplexprocessofnewbloodvesselformationgovernedmostly
by theVEGF–familyproteinsandreceptors (Belletti etal., 1979).However, severalother
stimulating and inhibiting molecules are known to take part in this tightly regulated
process(Samaranayakeetal.,2010).Inorderforatumortogrow,angiogenesisisnecessary
as diffusion of nutrients is not sufficient to satisfy the growing metabolic needs of the
tumormass.Itiscommonlythoughtthatatumorcannotgrowlargerthanasizeof23mm3
without angiogenesis (Folkman, 1971, Singh and Agarwal, 2003). GBM is a rapidly
proliferativetumorcharacterizedbyhighlyangiogenicfeatures,suchasoverexpressionof
VEGF, VEGFR and platelet derived growth factor (PDGF). In addition, many tumor
microenviromental factors can induce angiogenesis within the GBM. Under hypoxic
conditions, transcriptional factor HIF1 and tumor suppressor VHL regulate VEGF
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expression and promote angiogenesis (Samaranayake et al., 2010). Acidosis due to an
extensive Warburg effect is commonly present in cancer cells and can promote
angiogenesis.Warburgeffectisdefinedasanaerobicglycolysisfollowedpredominantlyby
lactateproduction in cytosoldespite thepresenceofoxygen thatwouldnormally lead to
formationofpuryvateinglycolysisandfollowingaerobicmetabolisminoftheKrebscycle
(KimandDang,2006).Furthermore, thenatureof theGBMvasculatureisskeweddueto
lackof angiogenic regulationand thephenotype is consideredas leaky, a common trait
foundinthetumorvasculature(Noreenetal.,2011,Takano,2012).Leakyvesselslimitthe
effectivetreatmentoftumors,astheinterstitialpressureisincreasedduetoextravasationof
fluidfromthebloodintothetumor.Therefore,antiangiogenictreatmentaimstonormalize
anddecrease the tumor vasculature in order to interferewith themetabolic demands of
tumor. In addition, the reduction of interstitial pressure due to decreased vascular
permeabilityenablesbetterbioavailabilityofdrugstothetumor.
Antiangiogenic treatments of GBM are already commercially available in addition to
manybeingevaluatedcurrently inclinical trials.The firstFDAapprovedantiangiogenic
therapy was bevacizumab, a humanized Ab against the VEGF for treatment of several
cancers, such as colorectal, lung, breast, kidney and GBM (Thompson et al., 2011).
Bevacizumab has a somewhat controversial status, as it has been shown to increase the
progressionfreesurvivalofpatients,yetwithoutanyradiographicalproofofitsanticancer
activity (Kreisl et al., 2009). It has been hypothesized that amajor part of bevacizumabs
efficacy would be due to simply symptomatic release by decreased edema within the
tumor.However,promisingresultshavebeenfoundinretrospectiveanalysesandinPhase
II studies suggesting bevacizumab an effective treatment for recurrent GBM (Specenier,
2012). Several other antiangiogenic treatments that have been studied are known to be
receptortyrosinekinase inhibitors,suchasX1184orvandetanibandsorafenibwhichare
smallmoleculeantagonistsofVEGFRorEGFRfamily.
2.3.5.6Photodynamicandhyperthermaltherapy
Photosensitizers, such as protoporphyrin IX (PpIX) and temoporfin, are chemical
compounds, which are able to absorb light and then release the stored energy as
fluorescence and a singlet oxygenmolecule (Eljamel, 2008). These compounds can have
dualfunctions;theycanbemarkersfortumorcellsduringinitialsurgeryandthentheycan
specifically kill tumor cells. The PpIX precursor is a 5aminolevulinic acid (ALA) that is
naturallysynthetized inallmitochondriaofmammaliancells fromsuccinylCoAbyALA
synthetase (Hunter and Ferreira, 2011). ALA is transported to cytoplasm and
dehydrogenated to coproporphyrinogen III and transferred back to mitochondria as
protoporphyrin III where it is further transformed into PpIX. Normally, PpIX is further
chelated with iron forming haem. However, administration of ALA bypasses the rate
limiting ALA synthetase and leads to formation of an excess of PpIX in the cells.
Furthermore,itisknownthatPpIXaccumulationisgreateringliomacellsthaninnormal
cells.However,themechanismbehindthisaccumulationisnotcompletelyunderstood,but
itisclaimedthatALAisnotabletocrossanintactBBBaswellasthefactthatitsuptakeis
inducedby lowpHandpresenceoforganicanion transporters (Novotnyetal.,2001and
Stummeretal.,2003).SincePpIXisabletoabsorblightat404nmemittingaredspectrum
fluorescence at 635 nm, it can be effectively used to illuminate and thus discriminate
cancerouscellsduringsurgery,therebyimprovingtheresectionofthetumor.However,the
absorptionoflightbyPpIXmayalsocauseanenergytransfertoanearbyoxygenmolecule
reducingittosingletoxygenstate.Thisisaformofoxygenthataggressivelyandrapidly
reactswithbiomolecules,ultimatelyleadingtotheapoptosisornecrosisofthecell(Eljamel,
2010). Since the cell killing requires the bioavailability of the photosensitizer in large
quantitiesandthespecificbandoflightdirectedtothecells,photodynamictherapycanbe
considered to be a highly targeted and specific formof cancer treatment. Several clinical
trials have been conducted using photodynamic therapy in conjunction with surgical
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resectionofGBM,resulting in improvedsurvival inbothnewlydiagnosedandrecurrent
GBMs(Eljameletal.,2008,Pichlmeieretal.,2008).
Hyperthermia,i.e.increasedtissuetemperature,causesmanymolecularchangeswithin
the cells. The functions of several enzymes and proteins are altered causing potential
changes in theDNA, due to the impairment of repair enzyme activity, decreased active
membrane transport and destabilized membrane potential are increasing nonspecific
molecularintakeofthecell(Christophietal.,1998,CossandLinnemans,1996,Wongetal.,
1993). Alterations in various intracellular functions lead to apoptosis, if the condition is
prolonged.However, due to thepresence of severalmutations in cancer cells interfering
withvariousnormalsurvivalfunctions,tumorcellsaremoresensitivetosuddenchanges
in the temperature than healthy cells (Kobayashi, 2011). In hyperthermal therapy, tissue
temperature is increased to 4142 °C,which is enough to induce the cell death of tumor
cells,yetsparingmostofthehealthycells.Althoughtheincreaseintissuetemperaturecan
be achieved relatively easily by severalmethods, such as ultrasound ormicrowaves, the
problem of hyperthermal treatment is to restrict the heat elevation specifically to tumor
tissueandattainahomogenoustemperatureinthelesionsoastoefficientlykillalltumor
cells (Silva et al., 2011). The use of magnetic materials, such as superparamagnetic iron
oxideparticles(USPIOs),asmediatorsofthethermalchangehasincreasedthespecificityof
cellkilling,asthesurfaceofUSPIOscanbemodifiedbyAbsorothertargetingmoietiesto
allowtheiraccumulationintumorcells(seeChapter2.3.6.2fordetails).Oncesubjectedto
analternatingmagneticfield,USPIOswillheatuptothemaximumtemperaturecontrolled
bypropertiesof theparticles, suchas sizeandmagnetizationstrength,and this createsa
uniform thermal change in the tumor tissues due to heat transfer. Numerous studies
concerninghyperthermaltherapyhaveshownefficacyinvitro,invivoandinclinicaltrials.
In vitro studies have shownhyperthermal therapy to cause, in addition to cell death, an
increaseinimmunogenicityagainstthetumortissuesbyactivatingtheheatshockprotein
70(Itoetal.,2003).ImmunogenicitycausedbyamplificationofCD8+andCD4+Tcellsdue
to hyperthermal treatment was demonstrated in vivo in a study where mice received
treatmentonlytoa tumormassonthe left flank,yetshowedregressionof tumoralsoon
therightflank(Yanaseetal.,1998).Hyperthermiahasalsobeenshowntosensitizetumors
towards chemo and radiotherapy due to heat induced capillary dilatation, resulting in
increasedoxygenationof thetissues(Schildkopfetal.,2010,Silvaetal.,2011). Inarecent
clinicaltrial,hyperthermaltreatmentwascombinedwithradiotherapyin66patientswith
GBM(MaierHauffetal.,2011).Patientsurvivalwassuperiorascomparedto thecurrent
standard treatment, 13.4vs6.2months, and the treatmentwaswell tolerated, suggesting
thathyperthermaltherapymaywellbecomeapotentialtreatmentoptionforconventional
therapies.
2.3.6Nanomedicine
Nanomedicine is a field of science where nanotechnology is exploited in medicine.
Nanotechnologyreferstotheuseofobjectshavingatleastoneofthedimensionsranging
from 1 to 1000 nm. The origins of nanomedicine can be found in the 1950s and 1960s
(Duncan,2003),however,onlyrecentlyhasitbeenstudiedvigorously.Nanoscalematerials
have unique physical, chemical and optical properties that are not present in
macromolecules and these can be harnessed in several treatment, imaging or research
protocols (Blanco et al., 2011, Davis et al., 2008). Due to these properties, nanoparticles
(NPs), offer various advantages over conventional biopharmacauticals especially in
oncology.Theseusefulpropertiesincludeprolongedcirculationtime,sitespecificdelivery
anddecreasedtoxicityinofftargetcells.
ItisgenerallyacceptedthatNPsrangingfrom10100nmaretheoptimalsizeforcancer
treatment, as the reticuloendothelial system (RES) in particular the macrophage cells,
targets most foreign particles that are larger than 100 nm and the renal filtration in
glomeruluswilleliminateparticleslessthan10nm(GuptaandWells,2004).Atthesiteof
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thetumor,theNPsbenefitalsofromtheenhancedpermeabilityandretentioneffect(EPR)
thatiscausedbytheleakyvesselsinangiogenictumorsthathavegapslargerthan100nm
between the endothelial cells (normal blood vessels have gaps less than 2 nm).
Furthermore, the deficient lymphatic drainage within the tumors results in the
accumulationofNPswithinthetumor(Maeda,2001,MatsumuraandMaeda,1986,Peeret
al., 2007). In addition, high surfacetovolume ratio means that these particles can have
relativelyhigh loadsof functional groupsordrugmolecules attachedon their surface in
comparison to other macrosized carrier systems, giving rise to multipurpose NPs.
Furthermore, since many chemotherapeutic drugs are insoluble in aqueous solutions
(Guven et al., 2012), preparation of stable formulations of the drugs is very difficult.
Various NP types have inner hydrophobic compartments that can engulf the insoluble
drugs with ease even in aqueous solutions (Allen and Cullis, 2004). In addition, when
confinedintoaNP,thechemotherapeuticdrugisalsoshieldedfromoutsideforcesthereby
increasing its halflife in the circulation and simultaneously improving the chance that it
canaccumulateintheactualtargettissuesanddecreaseitsdistributiontoofftargettissues.
2.3.6.1Nanoparticlematerials
NPscanberoughlydividedintoorganicandinorganicparticles.OrganicNPsarecreated
from phospholipids or polymers, whereas the inorganic NPs are of metallic or
semiconductororigins.ThedifferentNPstructuresareshowninFigure4.
LiposomesandmicellesareNPs,whichrangefrom2.5to400nmindiameter,andare
composedof lipids. Thesehavebeen themostwidelyused and studiednanoparticles in
cancer therapy.  They are synthetic or natural amphiphilic phospholipids with a
hydrophilicheadandhydrophobic longchaintails thatselfassemble inaqueoussolution
intosphericalstructureswithlipidmono(micelles)orbilayers(liposomes)(Malametal.,
2009,Torchilin,2007).Inliposomes,thehydrophobictailsspontaneouslyformthemiddle
compartment of the liposome leaving an aqueous inner compartment. The micelles are
monolayered and have the hydrophobic inner compartment in aqueous solution.
Liposomes possess the potential of being highly versatile carriers as they can contain
hydrophilicdrugsormoleculesintheiraqueousinnercompartmentorhydrophobic,water
insolubledrugsinthemiddlecompartment,orevenbothtypesofdrugsatthesametime
(Coscoetal.,2012,SantandNagarsenker,2011,Xuetal.,2011).Inaddition,liposomesare
generallywell toleratedandmaygainentry tocellsmoreeasily thannanoparticlesmade
fromothermaterialsduetothefactthattheypossesssimilaritieswiththecellmembranes.
NPscanalsobemadeofsyntheticandnaturalpolymers,generallyfrombiodegradable
and biocompatible polymers (Duncan, 2003, Park, 1995). Depending on the polymer
properties,polymericmicellesorpolyelectrolytecomplexmicellescanbeproduced(Golan
and Talmon, 2012, Kataoka et al., 2001). Polymeric micelles are similar to lipidbased
micelles i.e. they are selfassembled from amphiphilic polymers into a spherical
nanoparticlewithanhydrophobicinnercompartment(vanVlerkenetal.,2008).Themost
commonlyusedpolymersapprovedbytheFDAarepoly(glycolicacid)(PGA),poly(lactic
acid)(PLA)andpoly(caprolactone)(PCL).Polyelectrolytecomplexmicelles,however,are
producedbymixinganionicandcationicpolyions,suchaspoly(ethyleneimine) (PEI)and
poly(acrylicacid)(PAC),thatwillspontaneouslyformmicelleswithachargeneutralinner
compartment capableof transportationof bioactivemolecules, such aspeptides,proteins
and nucleic acids (Ding et al., 2011,Hartig et al., 2007, Lu et al., 2012).Another type of
polymer NPs is the dendrimers, which are repetitively branched molecules (Lee et al.,
2005). They are commonly synthesized from poly(amidoamine) (PAMAM). Dendrimers
form treelike structures that usually are monodisperse, symmetrical and spherical
compounds due to the steric interactions between individual molecules. During the
productionofpolymericNPs, the therapeuticdrugormolecule canbe entrappedwithin
the polymer solution, conjugated into various functional groups, or capturedwithin the
inner compartment of the NP (Svenson, 2009). The release of therapeutical compounds
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frompolymerNPsoccursinaconstantmannerinconjunctionwiththedegradationofthe
polymer,usuallyduetohydrolysisatthetargettissue.
Themost commonlyusedmetallicNPsareproducedbyprecipitationofnoblemetals,
mainlygoldandsilver,orfromironoxide,commonlymagnetite(Fe3O4)ormaghemite(

Fe2O3). Generally, metallic NPs have a coreshell structure as they are coated with
polysaccharides,polymersorliposomesinordertoconferbetterbiocompatibility,aqueous
solubilityandaccess to functionalgroups.Due to thequantummechanisticpropertiesof
noble metal nanoscale materials, the incoming light is scattered by the NPs and can be
visuallydetectedbythesurfaceplasmonresonance(SPR)effect (LeeandElSayed,2006).
AstheSPRcanbeinducedevenwithalightfromlaserpen,thenoblemetalNPsprovide
effectiveopticaltumormarkersasthe40nmgoldennanospherescanbedetectedvisually
eveninsuchtinyquantatiesas1014M(YguerabideandYguerabide,1998a,Yguerabideand
Yguerabide, 1998b). However, the spherical shape of noble metal NPs is not the most
optimalforSPRandthereforea‘nanocube’formmaybemorebeneficial(Sannomiyaetal.,
2009).Inaddition,theSPReffectalsorepresentsameansforphotothermaltherapyasthe
prolongedabsorptionof lightwillheat thenoblemetalNPs (Kuoetal.,2012). Ironoxide
particles,ormagneticnanoparticles,havebeenusedascontrastagentsinMRIalreadyfor
sometimeastheycansignificantlyenhancethetransverserelaxationT2andT2*,leadingto
hypointensityintheareawheretheyaccumulate(Leeetal.,2008,Weisslederetal.,1990).
Novel coated iron oxide NPs may also serve as multipurpose modalities. Thus, single
nanoparticlemaybeusedforrealtimeimaging,ascarrierforachemotherapeuticdrugand
asamediatorforhyperthermictreatment.Inhyperthermictreatment,theNPisexposedto
alternating magnetic field inducing heat dissipation from the magnetic NPs into the
surroundingtissues(Dasetal.,2009,Jordanetal.,1997,Jordanetal.,1996).
NPs can also be produced of semiconductormaterials, such as technetium, cadmium
selenide, zinc, indium and tantalum.AswithmetallicNPs, also semiconductorNPs are
commonlyencapsulatedintopolymersorlipidstoimprovetheirbiocompatibility,aqueous
solubilityandfunctionalgroups.SemiconductorNPsaregenerallyknownasquantumdots
(QDs)(Chanetal.,2002,GaoandNie,2003).QDsare110nmsphericalparticlesusually
composedofacoreshellstructure,withcadmiumselenidecommonlyformingthecoreof
the nanoparticle which is covered with a zinc sulfide shell to achieve improved optical
characteristics(ReschGengeretal.,2008,SmithandNie,2010).QDsareusedcommonlyas
fluorescentmarkersastheyhavemultipleadvantagesoverconventionalorganicdyes.For
example, theyhaveabroadabsorption rangeand they canbeexcited far away from the
emission peak, thereby decreasing background scattering and enabling multiple QD
excitationandrecognitionwithasinglelightsource.Inaddition,thefluorescentemission
of QDs are tunable via size and material selection to 450 – 850 nm and they exhibit
exceptionallynarrowpeaksnear to theGaussian centre allowingmoreprecise emissions
without there being overlapping fluorescence originating from differentwavelengths. In
addition,thestabilityandyieldofQDfluorescenceisfargreaterthancanbeobtainedwith
organicdyes as electrons return to lowenergy states after excitationdue to the covering
shellstructureandcanthereforebeexcitedagain.



43


Figure 4. The nanometre scale and structure of different types of nanoparticles. Upper row: 
Nanometre scale ranging from 1 nm to 1,000,000 nm. Middle row: General structure of 
different nanoparticles. Lower row: A detailed view of nanoparticle structure and compartments.
2.3.6.2Surfacemodificationofnanoparticles
SurfacemodificationsofNPsopenawidevarietyofnewpossibilities,suchasshieldingor
targeting of them. As therapeutical NPs are foreign material within the body, they are
subjectedtoconstantattackbytheimmunesystem.Thisleadstoadecreasedhalflifeofthe
NPs and potential treatment failure. Therefore, one of the most common surface
modifications is aprocess called ‘PEGylation’ that refers to the covalent incorporation of
polyethyleneglycol(PEG)ontotheparticlesurface(Klibanovetal.,1991,Moketal.,2009).
PEG forms a protective hydrophilic layer around theNP, thereby effectively shielding it
fromopsonizationandeliminationbymacrophages.AlthoughtheNPsaccumulateintothe
tumor site by apassiveEPR effect (Matsumura andMaeda, 1986), the addition of active
targetingmolecules, ligands that specifically bind tomoieties overexpressed or uniquely
presentonthetumorcellmembrane,intotheNPsurfacecanfurtherincreasethespecificity
of the treatment (Liu et al., 2012, Xu et al., 2012). Other molecules used in the surface
modificationsofNPsincludemarkersandmoietiesactivatingendocytosis(Baeetal.,2012,
Choietal.,2011).Themarkermoleculescanbeeithercoloredopticaldyes, fluorescentor
luminescentmoleculesorcontrastagentsthataidinthevisualizationoftheNPswithinthe
tissue. Some, but not all, targeting molecules can induce endocytosis at the target site.
Therefore, highly cationic cellpenetrating peptides, such as protamine, or aminated
syntheticpolymers,suchasPEIcanbeusedtoallowtheNPstogainentrywithinthecells.
However,onedisadvantageof cellpenetratingpeptides is, thateven though they induce
endocytosisoftheNPseffectively,theyarenotspecificforanyparticularcelltype.

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2.4 ANIMAL MODELS FOR MALIGNANT GLIOMA RESEARCH 
Althoughmanyexperiments incancerresearchcanbedone invitro, there iscurrentlyno
approved alternative disease model in vitro that could replace the data obtained from
animals.Ascancer isamultigeneticdisease,apreciseand robust invivocancermodel is
essential inmostof the studies.However,noneof the currently available animalmodels
fully reflect the clinical setting encountered inHGgliomas of humanpatients. There are
variousgeneticdifferencesbetweenmolecularpathwaysinanimalsmodels,whichmaynot
matchthepathwaysfoundinhumangliomagenesis(DaiandHolland,2001).
In a GBMmodel (Barth and Kaur, 2009), the cells should be derived from glial cells,
which would grow in vitro as continuous cell lines and can establish a tumor upon
transplantation.Invivotumorgrowthshouldbepredictableandreproducibleandshowthe
characteristicfeaturesofGBM,suchasneovascularization,alterationofBBB,invasiveness,
lackof capsulationand the correct intracerebral location.Furthermore, themodel should
allowsufficientsurvival timeof thehostanimals topermitadequateperiods for therapy.
Especially in therapeutic studies, theoptimalGBManimalmodel shouldbeonlyweakly
immunogenic and tumor response to treatments should be predictive of the response in
humanpatients.
The choice of a GBM model for research depends on many different considerations
(BarthandKaur,2009).Generally,thelargertheanimalusedinamodel,themoreprecise
willbethestereotacticimplantation.Furthermore,betterlocalizationofthetumorscanbe
achievedduringmonitoringin largermodels. Inaddition, it iseasier tooperateonlarger
animals(e.g.resection).Inaddition,largermodelsarealsogenerallymoreexpensive.The
needbetweenorthotopicandsubcutaneousmodelsorxenograftandsyngenicmodels,or
otherdeterminingfactors,suchasthelackoftargetingAbagainstaratepitope,mayrule
outsomeofthemodels.Mostimportantly,theanimalexperimentshouldbedoneonlywith
the regional ethical committee permission and it should give an answer to the question
mentioned in the studyplanwithat least amoderatepossibility to extrapolate results to
humans.
2.4.1Mousemodels
ThemostcommonlyusedmouseGBMmodelsincancerresearcharexenograftmodelsdue
totheirrobustproperties.Xenograftmodelsmakeitpossibletostudyanyglioma(cancer)
cell line in vivo, as tumors can be established in athymic, so called ‘nudemice’, with a
FOXN1mutationordeletion.TheFOXN1mutationinterfereswiththedevelopmentofthe
thymus, resulting in a lack or significantly lower number of Tcells in nude mice
(Mecklenburgetal.,2005).Alternatively,severecombinedimmunodeficiency(SCID)mice
thathavespontaneousmutationinthePrkdcgeneinvolvedinthematurationofTandB
cellsmaybeusedashosts forhumanxenotransplanted tumorcells (Schuleretal., 1986).
Furthermore,aNODSCIDmouseisavailablethatisacrossbreedbetweentheSCIDmouse
and a NODmouse (nonobese diabetic); this strain has a significantly impaired innate
immune system (e.g. lack of the complement system and lower number of NK cells)
(Prochazkaetal.,1992).Onerecentlyintroducedimmunocompromisedmousemodelisthe
NOGmouse, a crossbreed of NODSCID and IL2Rgamma knockout mouse (Ito et al.,
2002).InadditiontoNODSCIDmice,theNOGmiceshowdysfunctionsindendriticcells
and macrophages. However, human glioma xenograft models are not invasive when
propagatedinvivoandtheymayenduplosingtheirkeygeneticalterations.
Althoughthesexenografttumormodelsharborthepossibilityofstudyingactualhuman
gliomas invivo, theyare immunodeficient, lessaggressiveandrelativelynoninvasive. In
this regards, syngeneic mouse gliomamodels, such as GL26, GL261 or 4C8may offer
some advantages (Candolfi et al., 2007). Some experiments, such as immunotherapy,
require the use of syngeneic models in order to obtain accurate data. In addition, the
immune system has a major effect on cancer gene therapy studies, as all vectors are

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immunogenicandthetumorsthemselvesaregreatlyaffectedbytheimmunesystem.The
disadvantage of syngeneicmodels is the necessity to use species/breed specific cell lines
(e.g. rat cells for a ratmodel) and therefore actual human derived cell lines, thatwould
mostcloselyresemblethedisease,cannotbeused.Anothercleardisadvantageatleastwith
mousemodelsistheirrapidgrowthrate,oftennecessitatingexperimentterminationjusta
coupleofweeksaftertumorimplantation.
Germline modifications of mice strains inducing either gainof or lossoffunctions in
tumorigenesis pathways, such as p53, IK4a/ARF, PTEN or EGFR, can create transgenic
mouse strains characterized by humanlike gliomagenesis (Politi and Pao, 2011). These
models are increasingly used in gliomagenesis studies, and their slow growth rate
compared to transplantable glioma cell line models facilitates assessment of long term
biologicalandimmunologicalmechanisms.However,slowtumorprogressionandvariable
incidenceamongthetransgenicanimalsalsolimitsthefeasibilityoftherapeuticstudies.
2.4.2Ratmodels
RatGBMmodelswerefirstestablishedin1970safteritwasobservedthatCNStumorscan
beinducedinreproduciblybytheadministrationofnitrosoureas.Althoughanathymicrat
xenograftsmodeldoesexist (Rowettnuderat) (Miuraetal.,2008),most ratGBMmodels
usedincancerresearcharesyngeneic.ThereareeightcommonlyusedratGBMmodels;C6,
9L,T9,F98,RG2,RT2,CNS1andBT4C.
C6 tumors were first derived from Wistar rats after repeated administration of
methylnitrosourea (MNU) over 8 months (Benda et al., 1968, Schmidek et al., 1971).
Althoughitsgeneexpressiondoesresemblethesituationinhumangliomas(Sibenalleret
al.,2005),ithasacircumscribedgrowthpatternandduetoitsoriginsinanoutbredWistar
rat,theC6gliomahasnotruesyngenichostandisthereforehighlyimmunogenic(Parsaet
al.,2000).9LandT9gliomasareessentiallythesamecelllines,originatingfromFischer344
rats after exposure to MNU. After propagation in Fischer 344 rats, they are the most
commonly used syngeneic rat gliomamodels today (Benda et al., 1971,Denlinger et al.,
1975). The 9L and the T9 models are quite similar to the C6 model, although gene
expression pattern is not as close to human patients. Exposure of Fischer 344 rats to
ethylnitrosourea (ENU) during gestation gave rise to the highly invasive RG2 and F98
tumorcelllinesintheparentsandoffsprings,respectively(Koetal.,1980,Weizsackeretal.,
1982). Both F98 and RG2 models are low or nonimmunogenic when propagated into
Fischer 344 rats, respectively (Mathieu et al., 2007, Oshiro et al., 2001). Inoculation of
neonatal Fischer 344 rats with avian sarcoma virus gave rise to the RT2 anaplastic
astrocytoma cell line (<90 % of rats) and to various low grade gliomas and sarcomas
(Copelandetal.,1976).CNS1isasyngenicGBMmodeloriginatingfrominbredLewisrats
afterweeklyinjectionsofMNUoverahalfyearperiod(Kruseetal.,1994).
TheBT4CgliomacelllinehasitsoriginsinpregnantratsBerlinDruckreyIXrats(BDIX)
which receiveda single transplacentaladministrationofENU(Laerumetal., 1977).Cells
werepropagatedandculturedinvitrofor200days,afterwhichtheybecometumorigenic.
The tumors in the BT4C/BDIX syngeneic rat malignant glioma model are hypercellular
multipolar glialike and flattened with the occasional occurrence of giant cells with
pleomorphic nuclei. Tumors showmitotic activity, necrosis and irregular, dilated blood
vessels as well as neovascularization (Stuhr et al., 2007). Although, there are not many
studiesconcerningthebasicbiologyofBT4Ccells,theyareknowntoexpressVEGF,tissue
and urokinase plasminogen activators and also they display increased mean vascular
densityintheproliferatingborderareasofthetumor(Sandströmetal.1999andSandmair
et al. 2000).Also, immunohistochemistryhas revealed thatBT4C ispositive for s100 and
GFAP. Figure 5 shows the survival and tumor growth of the BT4C/BDIX syngeneic,
orthotopic,malignantratgliomamodel.Themodelhasameansurvivalof36.5daysafter
transplantation of the cells and T2weighted MRI analysis can follow the exponential
growthpatternofthetumoraswellasthenecroticareasinthelatephaseofthedisease.
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Figure 5. The characteristics of BT4C rat glioma model as shown by two separate studies. 
Upper: The Kaplan-Meier survival graph of the BT4C rat malignant glioma model without 
treatment. Lower: The progression of the tumor as seen on weekly MRI monitoring. White 
arrows point to the tumor lesion.
2.4.3Othergliomamodels
Thereisnooriginalgliomamodelinrabbits.However,theVX2cellline,whichisarabbit
carcinoma cell line, can display the characteristics of malignant brain tumors once
propagated in therabbitbrain.Lesionsarehighlyproliferative,angiogenicandsimilar to
situation in human disease in terms of invasiveness, aggressiveness and necrotic areas
(Ahmadetal.,2011).TheVX2tumorsareeasilyreproducibleandthusthisrepresentsan
adequatelargeranimalgliomamodelforpreciseexperiments.
Dogsspontaneouslydevelopgliomas,whichresemblethehumandisease(Priesterand
Mantel, 1971, Stoica et al., 2004). This ismost common in bradycephalic breeds, such as
Bostonterriersorboxers,inwhich4045%oftumorsoftheCNSarediagnosedasgliomas
(Page et al., 1991). Spontaneous GBM of dog exhibits pseudopalisading necrosis and
endothelialproliferationcloselyresemblinghumanGBManditbearssimilaritiesalsoinits
pattern of invasion.  The larger size of dogs also allows more precise operations and
assessment of drug dosing and toxicity than can be done in rodents making the
spontaneous GBMmodel of dog appropriate middlestage model for preclinical testing
before actualphase I studies.However, the spontaneousnature and the costprevent the
moreextenteduseofthismodelincancerresearch.
Primates do not usually spontaneously develop neoplasms in their brains. However,
severalstudieshave indicatedthatmacaquescoinfectedwithsimianvirus40(SV40)and
simian immunodeficiencyvirus (SIV)willdevelopastrocytomasandoligodendrogliomas
(Chretienetal.,2000).Inaddition,rhesusmonkeyshavebeenshowntobesusceptibleand
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theyhaveahighrateofGBMformationafterwholebrainradiationtherapy(Lonseretal.,
2002).
A relatively novelmethod of creating a humanlike glioma in any animalmodel is to
harness the molecular pathways of gliomagenesis. Thus, injection of viral vectors
expressingoncogenicfactors,suchasHRasorAKT,intobrainshavebeenshowntoinduce
tumorswithhighinvasivenessinmice(Marumotoetal.,2009)
2.5 ETHICAL ASPECTS OF GENE THERAPY 
Gene therapy is regulated in the Europe by the Bioethical Directive (Council of Europe
1998) that allows the preventative, diagnostic and therapeutic use of gene therapy in
somatic cells in the treatment of lifethreatening diseases for which there is no efficient
treatment(Vapalahtietal.,1997,YläHerttuala,2009).Genetherapyinvolvingthegermline
cells is strictly forbidden. Furthermore, the use of genetically modified organisms is
regulated by several Directives in the EU (Directives 2001/18/EC and 2009/41/EC). In
Finland, legislation includes Gene Technology Act (377/1995 and 928/2004) that is
supervisedbytheBoardofGeneTechnologyinconjunctionwithMinistryofSocialAffairs
andHealth.TheGeneTechnologyActpromotesethicallyacceptablewaysforthesafeuse
anddevelopment of gene technology andGMOs toprotect humanandanimalhealth as
wellastheenvironment.
Theway of proceeding to clinical trials in EU countries entails the compilation of an
investigationalmedicinalproductdossierthatmustbeevaluatedandapprovedbynational
agenciesandethicalcommittees(Goninetal.,2006).Thisdossiermustcontaintheprotocol
and objectives of planned clinical trial, vector description, evaluation of manufacturing
facilities,preclinicaldataandariskassessmentoftheproductaswellasinformedconsent
fromthepatients.
ClinicaltrialsareregulatedintheEuropebytheClinicalTrialDirectiveandinFinland
bytheMedicinesAct(Goninetal.,2006,YläHerttuala,2009)thatrequirescompliancewith
GoodLaboratoryPracticesinthepreclinicalprocedures,GoodManufacturingPracticefor
production andGoodClinicalPractice in the clinical trials. In addition,patientswhoare
participating in theclinical trialsmustbevoluntaryandtheymustbemadeawareof the
risksandprocedures involved.Asignedconsent form fromeachpatient, acknowledging
the above mentioned points, is mandatory. Furthermore, patients are allowed to
discontinuegenetherapyatanypointwithoutjeopardizingfurtherstandardtreatment.

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3Aimsofthestudy
Thepresentstudywasperformedtofurtherdeveloptheavidinfusionproteinasatoolfor
targeted therapy and imaging ofmalignant glioma. In addition, a novel nanocarrier for
targetedanticancertreatmentwaspreparedandstudiedinaneffortto increaseuptakeof
severalchemotherapydrugsinatargetedmannertomalignanttissue.Thespecificaimsof
thestudywereasfollows:



1) Todevelopabettervectorfortheavidinfusionprotein,capableoflongterm
expressioninordertoimprovetreatmentprotocolsandtoevaluatethesafetyofthe
vectorinvitroandinvivo.



2) Tostudytheinvivoapplicationsoftheavidinfusionproteinintargetedtreatment
andimagingofGBM.



3) Toinvestigatethesuitabilityofmanufacturingofbiodegradablenanoparticlesasa
meanstoenhancedeliveryofinsolublechemotherapeuticdrugsintogliomaby
avidinbiotintechnologybasedtargeting.


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4Materialsandmethods
4.1 METHODS 
ThemethodsusedintheOriginalPublicationsIIIIareshownintable4.
Table 4. Methods used in the original publications I - III 
Method Description Original publication 
FACS  Total expression of avidin-fusion protein I 
 Surface expression of avidin-fusion protein I 
 Quantum Dot ligand binding assay I 
HPLC Determination of nanoparticle drug content III 
 Determination of nanoparticle biotin-affinity III 
Immunohistochemistry Anti-avidin staining I, II 
 Anti CD8 staining II 
 Anti CD68 staining II 
 Anti-transferrin staining I, II 
 Direct DAB staining I, II 
In vitro Antibody response I 
 Drug release rate of the nanoparticles III 
 Neutralizing assay I 
 Targeted treatment: 3-step method III 
 Targeted treatment: Avidin-fusion protein I 
 Viral vector toxicity I 
In vivo Gene transfer: Intracranial method I, II 
 Gene transfer: Intravenous method I 
 Inoculation of tumor cells: Intracranial I, II 
 Inoculation of tumor cells: Subcutaneous II 
 Microinjection for generation of transgenic 
mouse strain 
II 
 MRI II 
 Serum collection  I 
 SPECT II 
 Targeted radiotherapy II 
Interfacial deposition solvent 
displacement 
Preparation of the nanoparticles III 
Light scattering Determination of nanoparticle size and 
distribution, zeta potential and biotin binding 
affinity 
III 
Matlab MRI data analysis II 
Nanoparticle polymer analysis Molecular weights by size exclusion 
chromatography 
III 
 Polymer structure confirmation by 1H NMR III 
 Polymer temperature behavior by differential 
scanning calorimetry 
III 
Polymer synthesis Melt polymerization: PLA-PEG III 
 Solution polymerization: bPEG-PLA III 
Statistical analysis Kaplan-Meier using Mantel-Cox log rank II 
 Kruskal-Wallis with Dunn’s multiple post hoc I 
 Non-parametric Kruskal-Wallis III 
 One-way analysis of variance I 
 Two-way analysis of variance I 

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Transmission electron microsopy Nanoparticle morphology III 
Titer determination Viral particle titers by p24 ELISA and RT-qPCR I 
 Functional titers by FACS and qPCR I 
Vector production Cloning of 3rd generation lentiviral vector 
containing avidin-fusion protein construct 
under CAG promoter 
I 
 Concentration of the viral batch by 
ultracentrifugation 
I 
 Sequencing for cloning verification I 
 Replication competent lentivirus assay I 
 Viral production by calcium phosphate 
transfection 
I 
FACS=,fluorescentactivatedcellsorter,HPLC=highpressureliquidchromatography,MRI=magnetic
resonanceimaging,SPECT=singlephotonemissioncomputedtomography,NMR=nuclearmagnetic
resonance,RTqPCR=reversetranscriptasequantificativepolymerasechainreaction.
4.2 CELLS 
ThecelllinesusedintheOriginalPublicationsIIIIareshownintable5.
 
Table 5. Cell lines used in the original publications I – III. Lentiviruses were produced in the 
293T cell line expressing T-antigen for plasmid episomal replication, other cell lines were used 
in both in vitro and in vivo experiments. 
Cell line Reference Species Type Original publication 
293T ATCC: CRL-11268 Human Embryonic kidney I 
BT4C Laerum et al 1977, Sandmair et al. 2000 
Rat 
GBM I, II, III 
HeLa ATCC: CCL-2 Human Adenocarcinoma I 
HepG2 ATCC: HB-8065 Human Hepatocellular carcinoma I 
U87-MG ATCC: HTB-14 Human GBM I 
U118-MG ATC: HTB-15 Human GBM II 
4.3 VIRAL VECTORS 
TheviralvectorsusedintheOriginalPublicationsIIIIareshownintable6.
Table 6. Viral vectors used in the original publications I - III 
Name
Promoter
–
transgene Vector Construct Original publication 
GFP hPGK-GFP Lenti virus Green fluorescent protein I 
Lodavin CAG Lenti virus Avidin-LDLR –fusionprotein I, II 
Lodavin CAG Semliki Forest virus Avidin-LDLR –fusionprotein I, II 

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4.4 EXPERIMENTAL ANIMALS 
TheexperimentalanimalsusedintheOriginalPublicationsIIIIareshownintable7.
Table 7. Animals used in the original publications. 
Model Type Species Name Producer
Original
publication 
Intracranial Syngeneic Rat BDIX Charles Rivers, France I, II 
Subcutaneous Immunocompromised Mouse Balb/c nude NLAC II 
Transgenic GMO Mouse C57BL x CD1 NLAC II 
4.5 PHARMACEUTICAL PRODUCTS 
ThepharmaceuticalproductisusedintheOriginalPublicationsIIIIareshownintable8.
Table 8. Pharmaceutical products used in the original publications. 
Tradename Generic name Type
Original
publication 
Domitor Medetomidine hydrochloride Sedative and analgesic I 
Dormicum Midazolam maleate Anaesthetic I, II 
Hypnorm Fentanyl/Fluanisone Anaesthetic I, II 
Ketalar Ketamine hydrochloride Anaesthetic I 
Taxol Paclitaxel Chemotherapeutic III 
4.6 ANTIBODIES AND LIGANDS 
TheantibodiesandligandsusedintheOriginalPublicationsIIIIareshownintable9.
Table 9. Antibodies and ligands used in the original publications I – III. 
 Antibody Type Manufacturer Original publication 
Goat anti-avidin Primary Vector Laboratories I, II 
Anti-Flk1 Primary Viite Kataoka 1997 II 
Mouse anti-rat CD8 Primary Abd Serotec II 
Mouse anti-rat CD68 Primary AbD Serotec II 
Goat anti-rat Secondary Vector Laboratories I, II 
Horse anti-mouse Secondary Vector Laboratories I, II 
Rabbit anti-goat Secondary Vector Laboratories II 
DTPA ans DOTA Ligand University of Kuopio II 
Transferrin Ligand Sigma Aldrich II, III 

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5Resultsanddiscussion
5.1 AVIDIN FUSION PROTEIN EXPRESSING LENTIVIRUS FOR TARGETED 
THERAPY (I) 
Thisstudyevaluatedafusionproteintobeusedfortargetedtherapyofcancer.Thefusion
protein consists of the endocytotic LDLR and an avidin moiety, expressed on the
membrane of the transduced cells capable of capturing biotinylatedmolecules from the
surrounding extracellular space. After interacting with the avidinfusion protein, the
molecules are endocytosed into the host cell by the LDLR endocytotic properties, after
which the receptor is recycled back to themembrane for further interactionswith other
molecules.Initially,ourgroupchoseSemlikiForestVirus(SFV)asthevectorfortheavidin
fusionproteinas itoffersanefficientgenetransfercapacityandaveryrapidonsetof the
transgeneexpressionandproteinquantity(Lehtolainenetal.,2003).However,asSFVhas
somecriticaldrawbacks, i.e.potentialneurotoxicityandshortdurationofexpression,and
thus,wechoselentivirusvectorbackboneforournovelconstruct.
LVs are less immunogenic thanmost other vectors and therefore should have a safer
profile than SFV (Frolov et al., 1996, Rheme et al., 2005). In addition, as lentiviruses are
integratingvectors, it ispossible that theavidinfusionprotein couldbeexpressed in the
tumorforalongtime.Still,byhavingtwodifferentviralvectors(i.e.SFVandlentivirus)for
theexpressionoftheavidinfusionprotein,onecouldconceivablyadministerthevirusesin
sequence. This could be beneficial in case the immune response from the patient had
renderedthefirstvectorusedasnonfunctional.
5.1.1Titeringofthelentivirusvector
The LDLRavidin fusion protein encoding gene was cloned into a thirdgeneration self
inactivating LV transfer plasmid and this was confirmed by sequencing before calcium
phosphate transfection in 293T cells (desribed by Follenzi and Naldini, 2002). Lentiviral
batcheswerealsotestedfortheabsenceofreplicationcompetentlentivirusesandfoundto
be negative.Viral batcheswere titered by four differentmethods (Table 10 andOriginal
publication I, table I); physical titering by p24 enzymelinked immunosorbent assay
(ELISA), viral RNA titering, functional titering by antiavidin flow cytometry and the
quantificationsofvectorDNApresentintransducedcells.
Thep24capsidproteinoflentiviralvectorwasmeasuredbyp24ELISAtoquantifythe
totalparticlenumberof aviralbatch.AsaHIVcoreparticle is composedof 2000 capsid
proteins, itcanbeestimatedthat1pgofp24represents12,500capsidparticles (Farsonet
al., 2001). These values were then used to form the physical titer of viral particles per
millilitre(VP/ml).RTPCRwasanotherphysicaltiteringmethodusedtoquantifytheviral
RNA copy number of the vector. The physical titers of the vector batches ranged from
8.1x1011 to 2.5x1012 (p24) and from 6.5x108 to 1.1x109 (RNA titer) VP/ml. However, it is
commonly known that both p24ELISA and RTPCR do not estimate the titers correctly
(Geraertsetal.,2006).Muchoftheproducedviralcapsidparticlesarefoundinfree,non
particleassociatedformsduetooverexpressionofGAGin293Tcells.Theymayalsoform
defective viral particles that do not have the viral genome inside (Geraerts et al., 2006).
Although,physicaltiteringisnotconsideredtobeexactduetoerrorsinthequantification
assays and the dependency of functional titers in vector construct and cell types
transduced, the physical titer is known to correlate strongly with the functional titer.
Therefore,byusingaconversionfactorobtainedbydividingGFPexpressingcontrolvirus
fluorescenceactivated cellsorting (FACS) titer by its p24 titer, it is possible to
mathematically estimate the transducing units (TU/ml), or functional titer, of the viral

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batch.Theestimatedfunctionaltiterswerecalculatedfromthep24valuesandfoundtobe
1.64.1x109VP/ml,about1000foldlowerthanoriginallyquantified.
To precisely analyze the actual functional titers of the viral batches, two separate cell
lines, a human malignant glioma U87 MG and rat malignant glioma BT4C, were
transducedwithvariousdilutionsofviralpreparationsandtheavidinpositivecellswere
measured by flow cytometry. The functional titers were also verified by measuring the
amountoftheintegratedvectorDNAfromthetransducedU87MGcells.Functionaltiters
were shown to be from 1.0x107 to 1.5x107 TU/ml (U87MG) and from 1.7x107 to 5.2x107
TU/ml (BT4C)whenmeasuredby flow cytometry.DNA titering of the integrated vector
yieldedafunctionaltiterof1.2x108TU/ml.

Table 10. Average viral particle and functional titers of the avidin fusion protein expressing 
lentiviruses as measured by p24 ELISA, RT-PCR, FACS, and qPCR.  
Type Viral particles (vp/ml) Functional viruses (TU/ml) 
Titer p24 RNA p24 U87MG BT4C DNA 
Method ELISA RT-PCR Estimated FACS FACS qPCR 
Batches 4 4 4 3 4 1 
Avr ± Stdev 
1.58 ± 0.7 
x1012 
7.90 ± 3.06 
x108 
2.70 ± 1.04 
x109 
1.25 ± 0.21 
x107 
3.50 ± 1.75 
x107 
1.20 
x108 
       
 by p24 ELISA titering 580 126,200 45,100 13,150 
vp : TU -ratio      
 by viral RNA RT-PCR titering 0.29 60 25 7 
vp = viral particles, TU = transducing units, Avr = average, Stdev = standard deviation 
 
Resultsstrongly indicatedthepresenceofnonfunctionalornonassociatedparticlesas
ratiooffunctionaltiterstophysicaltiterswere1:601:200,000(oraccordingtotheaverage
values,1:7to1:126,000).The10folddifferenceofDNAandflowcytometryfunctionaltiters
couldalsobeexplainedduetopseudotransductionofthecellsorduetoinactiveproviral
DNA (Sastry et al., 2002). In addition, the lentiviral vector seems to function more
efficientlyintherattissuesthaninhumantissuesasthefunctionaltiterwasfoundtobeup
to 5fold higher in the BT4C cell line. In addition, the avidinfusion protein vectors had
slightly lowertiters thanaveragecontrolvectorspointingtoapossiblecytotoxicityof the
vectorconstructorbiasintheassays.Formoreaccuratetitering,theadditionofGFPinto
theviralconstructwouldbeadvisableinordertoachievesimplisticfunctionaltiteringvia
FACS.However, theadditionofGFPcould createproblemswhenmoving in the clinical
phasestudies,astheviralconstructsshouldnotcontainanyunnecessarynucleotides/genes
notrelatedtothetreatmentofthedisease.
5.1.2Expressionandbiotinbindingactivityofthevector
Nonpermeabilizedandpermeabilized transducedU87MGcellswere stainedwithanti
avidin in order to evaluate the surface and total expression of the avidinfusion protein,
respectively. In addition, a mean fluorescent index (MFI) was calculated (percentage of
positivecellsmultipliedbymeanfluorescence)andthecellswereanalyzedvisuallyunder
fluorescentmicroscopy.Thestainingsrevealedthatthesurfaceexpressionrepresentabout
50 % of total expression. Interestingly however, according to the MFI, the cell surface
expressionwas only 14% (Original publication I, figure 1AF). Difference in expression
patternmaybecausedbythemethodology(directvs.indirectstainings).Nevertheless,the
datacorrespondedtoearlierstudiesdonewithSFVvectorthatexpressestheavidinfusion
protein(Lehtolainenetal.,2003).Recyclingoftheavidinfusionproteinwasalsostudiedin
abiotinbindingstudyconductedwithU87MGcellstreatedrepeatedlywithbiotinylated
ornonbiotinylatedquantumdots.Readministration1hourafter the initialdoseshowed

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only2050%biotinbindingcapacitywhereasadministration20hourslatershowed6585%
capacity(OriginalpublicationI,figure2).ResultswereconfirmedbyFACSanalysiswhich
pointedtothelossoffluorescenceoftheinitialdoseduringthefollowupperiodwithout
readministration of quantum dots. The results are in line with the biology of LDLR
endocytotic membrane recycling and point to the feasibility of ligand readministration
already1hourafterinitialdose,althoughtheefficacyincreasesprogressivelyclosertothe
initialbindingefficacyastimepasses(HaoandMaxfield,2000).
Lentiviral vectors integrate into host genome achieving, a stable and longterm
expressionoftransgenes(Naldinietal.,1996).Thedurationoftheexpressionwasfollowed
forover30days inU87MGandBT4Ccell lines. Inaddition,a fluorescentactivatedcell
sortingtechniquewasusedtofurtherselecthighexpressionsubpopulationofcells.Inboth
cell lines, the initialexpressionof90100%wasdecreasedandstabilizedat2030%after
twoweekswhereasthesortedpositivecellsstabilizedalreadyat55%(Originalpublication
I, figure 1GH). Consistent results were obtained from MFI, western blot analysis and
functionaltiteringofthelattertimepoints(OriginalpublicationI,figure1I).Thedecreasein
fusionproteinexpressionmaybeduetothefasterproliferationrateofthenontransduced
cellsleadingtotheformationofamosaiccellpopulation.Reversetranscriptaseinhibitor3´
azido2´,3´dideoxythymidine was used to demonstrate transient pseudotransduction of
cellsaccounted1428%oftotalexpression3daysaftertransductions(Originalpublication
I,figure1J),whichwassupportedbythe5and45folddecreasesinFACSandDNAtiters
betweenday3and10, respectively.Furtherpurificationof theviralbatchcoulddecrease
thepseudotransductionrate.Inhibitionofhistonedeacetylaseswithsodiumbutyrateatday
21after thetransductionsshowednoincrease intheGFPtiters, indicatingthatepigenetic
genesilencingdidnotoccur.
5.1.3Invitrotoxicityofthevectorandthetreatment
Thepotentialtoxicityofthevectoritselftothehostcellswasstudiedintheratmalignant
glioma cell line BT4C, the human cervical cancer cell line (HeLa) and in the lentiviral
productioncell line,humanembryonickidney293T.Viable cellsweremeasuredby their
mitochondrialactivityusingacellproliferationassay.The lentiviralvectordidnotevoke
changes in any of the cell lines in the proliferation rate of the cells at clinically relevant
multipliciesofinfections(MOI)asonlyafterMOI50didthecellviabilitystarttodecrease.
In addition, caspase 3/7 activity was not found in the avidinfusion protein transduced
cells,evidenceofhealthy,nonapoptoticstateofthecells.Asavidinhasnotbeenfoundto
betoxictohumanpatientsinseveralpretargetingstudies,itismorelikelythatthevesicular
stomatitisviruscapsidproteinG(VSVG)onthevectorenvelopeisthecauseoftoxicityat
thehigherMOIs(Burnsetal1993). Furthermore,inHeLacells,GFPwasshowntoaffect
thecellviabilitywhencomparedtotheavidinfusionprotein.However,thisresultisinline
with earlier studieswhereGFP has been shown to be toxic to cells (Liu et al., 1999). To
summarize, the lentiviralvectoror theexpressionof theavidinfusionproteinon thecell
membrane does not affect the viability of the cells in settings achievable after local
transductionsinvivo.
The avidinfusion proteinmediated targeted therapywas studied in BT4C cells using
biotinylatedandnonbiotinylatedpoly(lactic acid)nanoparticles (bPLANPandPLANP)
filled with the chemotherapeutic agent, paclitaxel.  Paclitaxel stabilizes microtubules
therebyinhibitingtheformationofthemitoticspindleduringmitosisthuspreventingcell
division.CellviabilityaftertargetedtreatmentofthetransducedcellswithbPLANPswas
less than 10 % whereas nonbiotinylated PLANPs resulted in up to 32 % viability.
Paclitaxeltreatmentbyitselfkilledapproximately6070%ofthecells.However,itseemed
that the PLANPs in these experimental settingswere being taken into to all cells quite
efficiently despite the targeting. This may be due to cellular pinocytosis or binding to
multivitamin receptors on the cell surface, and thismaymask the actual efficacy of the
treatment to some degree (Wang et al., 2011, Zempleni et al., 2005). The nontargeted

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uptakeonthecellscouldbepotentiallydecreasedbysurfacemodificationsoftheNPs,such
asfurtherPEGylation.However,theinvitrotargetedtreatmentofgliomausingtheavidin
fusionproteinexpressedbythelentiviralvectorwasprovedtobeplausible.
5.1.4Invivoexpressionandimmuneresponseagainstthevector
Lentiviralavidinfusionproteinexpressioninvivowasconfirmedbyantiavidinstainingin
the BT4C gliomamodel in BDIX rats injected intratumorallywith a total of 30 l of the
vector and sacrificed five days after gene transfer for immunohistochemical analysis
(Originalpublication I,Figure7AC). Inaddition, the immuneresponsewasanalyzedby
CD8 and CD68 stainings for microglial cells and CD8+ cytotoxic Tcells (Original
publicationI,Figure7DG).TheresultsdemonstratedinfiltrationofmacrophagesandCD8+
Tcellsinthetumorsuggestingimmuneresponseagainstthevectorortransgene,however,
accumulationofthesecellswerealsoseeninthecontrolanimals.Itmustbetakenintothe
consideration thata full scale immunereactionagainst thevectorwouldnotbemounted
withinfivedaysafterthegenetransfers(OverbaughandMorris,2012).
Eveniflentivirusesareconsideredasbeingonlymildlyimmunogenic,ithasbeenshown
thatvectorspseudotypedwithVSVGcauseAbresponsesandmaybe inactivatedbythe
complementsysteminvivo(Bessisetal.,2004,DePoloetal.,2000,Follenzietal.,2007).Since
inactivation of the vector ultimately leads to treatment failure especially if re
administrationofthevectorisrequired,itwasessentialtostudyhowcompletelythevector
wasactuallybeinginactivatedinvivo.Toevaluatetheimmuneresponseagainstthevector,
intracranialandintravenoustransductionswereconductedinnaiveBDIXratsandserum
samplescollectedafter3and6weeks.Halfoftheratsreceivedaseconddoseofthevector
at the 3 week timepoint. Neutralizing assay was performed on BT4C cells (Original
publicationI,Figure5).Dilutionswith1 0.25%(1:100–1:500)ofserumneutralizedthe
vector and inhibited transduction of the assay cells completely.Only the 1:3000 dilution
transducedthecellswithapproximately50%efficacyindicatingtheefficientinactivationof
thevectorafterthefirstadministration.Therewerenosignificantdifferencesintheresults
dependingontypeofthetransductionadministrationroute(intracranialvsintravenous)or
serumcollectiontimepoint(3vs6weeksafterinitialadministration).Theinactivationofthe
virussuggests thatanyreadministrationof thetreatmentwouldlikely tobe inefficient if
thesamepseudotypeweretobeused.Accordingly,theserumfromthecontrolanimalsdid
neutralizethelentiviralvectoronlytotheslightestextent,suggestingthatthiswasaminor
complementdriven immunity.Asvectorneutralizationrepresentsaconcern for repeated
treatment,itisalsoknownthatavidincaninduceAbformationinvivo(Granaetal.,2002,
Hytonenetal.,2003). Inorder tofurtherstudywhetherthe immuneresponseagainst the
transgenewouldimpairthereadministrationofbiotinylatedligands,avidinAbswerethen
analyzed from the serum sampleswithELISA (Original publication I, Figure 4A andB).
The route of administration had no significant effect on the avidin Ab titers, although
interestingly the intracranial administration route showed slightly higher titers. This can
potentially be explained by more rapid neutralization of the vector in the circulation
compared to brain (Ogbomo et al., 2011, Vauleon et al., 2010, Yamasaki et al., 2003).As
expected, the latter timepoint had higher Ab titers, although elevatation did not reach
statisticallysignificantdifferences.Readministrationofthevectorhadnosignificanteffect
onthetransgeneAbtiters,asthevectorcouldhavebeeneffectivelyneutralizedasshown
earlier intheneutralizationassay.Inaddition, itwasnotedthat theavidinAbcontaining
serumsamplesinhibitedtheligandbindinginvitrobyonlyupto50%butwerenotableto
completelyinhibittheligandbinding(OriginalpublicationI,Figure4C).Readministration
of the biotinylated treatment molecule but not the same vector would therefore still be
effective,althoughtoalesserextentthanintheinitialadministration.
Inthisstudy,alentiviralvectorcontainingavidinfusionproteinwasproducedinhigh
titerandshowninseveral invitroand invivoexperiments to functionefficiently.Avidin
fusionproteindidnotaffecttheviabilityofthehostcellsandwasabletobindbiotinylated
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drugs leading to increased cytotoxicity in vitro. Furthermore, in vivo experiments found
evidence for induction of immune responses against both the vector and avidinfusion
protein,slightlyhinderingtheuseofthesystem.However,avidinfusionproteinretained
itsbiotinbinding capacitydespite the immune response. In conclusion, theavidinfusion
proteincanbeusedasmediatorofthetwosteppretargetedcancergenetherapy.
5.2 IN VIVO APPLICATIONS OF THE AVIDIN EXPRESSING FUSION 
PROTEIN (II) 
AsGBMgrows,thetumorinvadestissueinahighlydiffusedelineatedpatternpassinginto
the surroundingbrainparenchymamakingvirtually impossible the complete removal of
the cancerous tissue (Louis et al., 2007). In addition, often tumors can be defined as
completelyorpartlyinoperableduetotheirlocationwithinanatomicalregionsofthebrain.
Therefore, the surgical intervention, can only be considered palliative, necessitating
additionalchemoorradiotherapy.However,asGBMishighlyheterogenous,someofthe
existing subpopulations of tumor cells in the brain will be of the highly chemo or
radiotherapyresistanttype,whichimpliesrecurrentGBMiscommonlyhypermutatedand
aggressivephenotypethatdoesnotrespondwell,ifatall,toanytypeoftreatment(Yanet
al.,2011).
InordertofurtherimprovetheefficacyofthetargetedtreatmentoftheGBM,theuseof
theavidinfusionproteincouldimprovemanyaspectsknowntobeproblematicintheuse
ofhighlyspecificcancer therapies.First, theuseof theavidinfusionproteincanassurea
universal, nondiscriminating targeted treatment that tumorspecific but not confined to
specifictumorcellsubpopulations.Second,theprotocolofavidinfusionproteintreatment
is straightforward, decreasing the number of steps to achieve functional targeting of the
treatment,thusreducingthetimethepatienthastobehospitalized.
Thus, it was decided to continue the studies which initially characterized the avidin
fusionproteinexpressedbytheSFV.Itscapabilityofbindingseveralbiotinylatedligandsin
vivo after systemic administration from the circulation and interstitial space was
demonstrated.Furthermore, itspotential formultifunctionaluse, i.e.use inboth imaging
andtreatmentpurposesoftheGBM,wasshown.
5.2.1Invivoexpressionandbiotinbindingoftheavidinfusionprotein
The avidinfusion protein was shown to be expressed and able to bind biotinylated
molecules giving positive results with several immunohistochemical stainings. First, the
expressionoftheavidinfusionproteinwasshownbyantiavidinstaininginratmalignant
glioma model following stereotactical and intratumoral injection of the SFV vector
encodingthefusionproteinoranemptySFVvectorasthecontrol(OriginalpublicationII,
Figure3AandB).Asexpected,theexpressionwasonlyseenneartheinjectionsiteinthe
tumorsreceivingtheSFVinjections,whichwasinlinewithearlierstudies(Lehtolainenet
al.,2003).Furthermore,thebiotinbindingcapacityofthefusionproteinwasinvestigatedin
two separate animalmodels; the subcutaneous nudemice and the orthotopic rat glioma
model.NudemicebearingU118MGhumangliomatumorsintheflankwereadministered
biotinylated horserahish peroxidase (bHRP) intravenously after intratumoral SFV
injections. Direct DABstaining revealed the accumulation of bHRP around the injection
area(OriginalpublicationII,Figure3Cand1D).TheconcentrationofbHRPintothetumor
demonstrated the expression of the avidinfusion protein in humanderived tissues and
proved the biotin binding capacity of the avidinfusion protein after systemic
administration of biotinylated ligands. The avidinfusion protein was shown to be
functionalinthenativecompartmentofgliomabehindtheBBB,whichwasinlinewithan
earlier study (Lehtolainen et al., 2003). An orthotopic rat glioma model was used and
biotinylatedtransferrin(bT)chosenastheligandduetoitsknownabilitytocrosstheBBB
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(Pardridge,2002a).AccumulationofbTwasshowntoincreasebyantitransferrinstainings
in the treated group (Original publication II, Figure 1E and 1F). In addition, bT
administeredtocontrolanimalswasnotfound,i.e.negativestainings(Originalpublication
II,Figure1Gand1H).
Thebiotinylatedligandsweresuccessfullytargetedintotumorsaftertwosteps,injection
oftheavidinfusionproteinvectorandadministrationofthebiotinylatedligand.However,
asonlythetumortissueswerestained,theactualbiodistributionofthebiotinylatedligands
willneedtobestudiedfurther.
5.2.2Tumorimagingusingtheavidinfusionprotein
The accumulation of the biotinylated ligands into the tumors expressing avidinfusion
proteinwasdemonstratedbySPECTandMRI. In theSPECTstudy, abiotinylated linear
peptide chelate, diethylene triamine pentaacetic acid (DTPA), was labeled with 99m
Technetium (99MTc), a gamma radiating radioactive tracer (Paganelli et al., 1999). The
orthotopic rat glioma model was used and the biotinylated ligand was administered
intravenously. SPECT imaging after the intravenous injections revealed a rapid
accumulation of the bDTPA99mTc within the tumor area that was retained even after
sacrifice and perfusion of the animals (Original publication II, Figure 4). This suggests
either a high affinity binding or an intracellular localization of the bDTPA99mTc further
supporting the potential in vivo applications of the avidinfusion protein.Moreover, the
biotinylatedradiotracerwasmainlyseen in thoseareaof thebrain,withexceptionof the
thyroidthatareknowntotakeup99mTc(Bertholetal.,2003).Thissuggestshighlyspecific
targetingmethod.
Another imaging studywasdone in a transgenicmousemodel expressing the avidin
fusion protein under endothelial specific promotor Flk1, in order to demonstrate the
multifunctionalityofthefusionprotein.ThefertilizedoocytesofC57BL/6xC3H/Hemouse
fusedwithplasmidDNAcontainingtheavidinfusionproteinconstructwerereimplanted
into pseudopregnant CD1 strain females to create a transgenic mice model expressing
avidinfusion protein in the endothelium. The immunostainings for the gene modified
embryos showed a near complete endothelial expression of the fusion protein (Original
publication,Figure1AC),however,theadultoffspringoftheC57BLxCD1miceshowed
the expression only within the spleen as the Flk1 is downregulated rapidly after birth
(OriginalpublicationII,Figure1DF)(Kappeletal.,1999).Themodelwasusedtoconduct
another targeting and biodistribution study. In this experiment it was shown that the
avidinfusionproteinwasalsocapableofaccumulatingbiotinylatedligandsdirectlyfrom
the circulation and not only from the interstitial space. In practice, the transgenic mice
received USPIO intravenously with or without biotin in order to determinate particle
accumulation within the splenic veins by MRI. USPIO particles are commonly used as
contrast agents in MRI due to their magnetic susceptibility; they cause a significant
decreaseinsignalintensity,mainlyinT2*weightedimagesintheabsorbingtissues(Leeet
al.,2008,Weisslederetal.,1990).TheresultssuggestedthebUSPIObindingselectivelyinto
thesplenicvessels (Originalpublication II,Figure2andTable1).Thesignal reduction in
T2*weighted image seen after the avidinfusionprotein targeted treatmentwas equal to
approximately a tenfold difference in the amount of paramagnetic iron oxidewithin the
tissues (Tanimoto et al., 2001). In addition, therewereno significantdifferencesdetected
betweenthetwotreatmentsinotherorgansanalyzedinthisexperiment,suggestingagaina
highlyversatiletargetingsystemcapableofachievingtissuespecificexpressionandbiotin
bindingdirectlyfromthecirculation.Theoretically,thevectorcontainingtheavidinfusion
protein could be genetically engineered to transducer only certain type of cells or the
avidinfusionproteincouldbeexpressedundertumorordiseasespecificconditions.This
couldbeachievedbypseudotypingofthevectorwithtumorspecificantigensorbytheuse
of tissuespecific promoter sequences driving the expression of the vector.Modifications
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wouldenableintravenousadministrationofthevectorinspecificcases,suchasmetastatic
cancerorareasnonreachablebydirectinjectionforlocaldelivery.
5.2.3Targetedradiotherapyofnonoperableglioma
Finally, the efficacy of avidinfusion protein based targeting was investigated in a
therapeutic context, where rats with malignant orthotopic gliomas received biotinylated
1,4,7,10tetraazacyclododecane1,4,7,10tetraacetic acid (DOTA) labelledwith 90Yttrium
(90Y), a high energy betaemitter. DOTA was selected as the chelator instead of DTPA
becauseithasbeenclaimedbyseveralresearchgroupstobeamorestablecompound.This
directlyrelatestotheamountofradiolabelreachingthetargetedtumorandtheofftarget
tissues.Thedifferencesininertnessandstabilitybetweenthetwocomplexescanbeashigh
as44%infavorofDOTA(Harrisonetal.,1991).Inaddition,themaximumtolerateddose
for 90Y is reported to be 16 mCi/kg in rats, yet after chelation with DOTA this can be
increasedupto40mCi/kg(Martenssonetal.,2005,Mearadjietal.,2002).Theintravenous
treatment of the rats on two consecutive days with bDOTA90Y (20 mCi/kg/d) after
transductionswithSFVachievedasignificantimprovementinthesurvivaltime(45versus
37 and 33.5 days) and the hazard ratio (0.13 and 0.08) when compared to the animals
receiving bDOTA90Y without the avidinfusion protein or nontreated control animals,
respectively(Figure5andOriginalpublicationII,Figure5).Thesurvivalcouldhavebeen
further improved by increased fractionation of the treatment as only a portion of cells
wouldhavebeendividingandthusaffectedbytheradiotherapyatagiventime.However,
theshorttermexpressionpatternofSFVvectordidnotpermit furtherhyperfractionation
studies,underliningtheneedforanimprovedvectorcandidate(seeOriginalpublicationI).
Furthermore, thenontargetedcontrolgroupthat receivedbDOTA90Yhadasignificantly
lowersurvival thanthenontreatedcontrols. Itsuggests that the lowaccumulationof the
therapeuticmoleculeonlykills the cells that are themost susceptible to the treatment or
otherwiseinapoorcondition.Thisleadstothedevelopmentoftheremainingtumortissue
into a more aggressive phenotype as only those cell were spared due to the low lethal
potentialofthenontargetedtreatment(Chungetal.,2006,WildBodeetal.,2001).
Thisstudyshowedconsistentlythattheavidinfusionproteincouldmediateanefficient
targeting invivoforimagingandtherapypurposes.Theavidinfusionproteinwasableto
bindbiotinylatedmoleculesfromtheinterstitialspaceandfromthecirculationiftheyhad
been administered by several kinds of routes. In addition, by using a tissuespecific
promoter,theexpressionoftheavidinfusionproteincouldbelocalizedtospecifictissues.
Furthermore, the avidinfusion protein could be used as a versatile marker for imaging
modalitiesandtargetedradiotherapy,thusimprovingsurvivaloftheanimals.



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Figure 5. The Kaplan-Meier survival plot displaying improved survival of the rats after targeted 
radiotherapy. Graph shows the survival of control, non-targeted and targeted animals. Dotted 
line depicts the median survival. Comparison between the graphs show significant differences (p 
<  0.05). 
5.3 BIODEGRADABLE NANOPARTICLES AND TARGETED TREATMENT OF 
GLIOMA (III) 
Chemotherapy is one of the key modalities in the treatment of GBM along with
radiotherapyandsurgery.Thebenefitsofsystemicchemotherapyregimenaredueto the
broad biodistribution via the circulation reaching effectively tumor cells. However,
systemicchemotherapysuffersfromsomemajordisadvantages.First,itsuseasanefficient
treatment modality is seriously limited by severe offtarget toxicities caused by the
accumulation of the antineoplastic drug into nontumor tissues. Second, many of the
antineoplasticdrugshaveextremelypooraqueoussolubilityandhavetobeadministered
withhighlytoxicdiluentstomakethemintoasolublepharmaceuticalformulationsuitable
for systemic treatment (Singla et al., 2002).Furthermore,manyof thedrugsareavailable
only in oral formulations, which may result in pharmacokinetic problems as changing
environmentalfactors,suchaspHinthegastrointestinaltractmayaffecttheabsorptionor
degradationofthedrug(Langer,1998).Third,thetreatmentofGBMrequiresthatthedrug
mustcrosstheBBBinadequatequantitiesandevadethemultidrugresistancemechanisms
ofthetumorandtheAETofBBB(Fellneretal.,2002).Thesearerequirementsnotreadily
metbymostofthemoleculesuseintodayduetoincompatiblephysicochemicalproperties
of the drug. For example, TMZ is considered to cross the BBB relatively well but its
concentrationsintheCNSareonly30%oftheplasmaconcentrations(Bakeretal.,1999).
Finally, the therapeuticwindowof conventional chemotherapy is very limiteddue to its
rapidbursteffect.Anorallyadministeredorinfusedantineoplasticdrugrapidlyincreases
the body concentrations in the patient up to even toxic levels as the drug is absorbed.
However, due to the short halflives of the drugs, the effective drug concentrations
generallyrapidlydecline(Wischke,2010).
Nanomedicineisafieldofmedicalresearchthatfocusesontreatmentmodalitiesthatare
regarded as being in the nanometer scale. A novel application of nanomedicine is in
treatment of several cancers with nanoparticles, using them as nanoscale drug carriers.
Nanoparticles tend todiffer from largerparticlesnotonly in theirphysical and chemical
properties but also in their biological function and thus they hold huge potential for
improving several of the issues compromising the efficiency of the chemotherapeutical
treatment of GBM (Kievit and Zhang, 2011). For example, through material selection,
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nanoparticles canbeengineered tobiodegrade ina controlledmanner, thusavoiding the
rapid release of the drug, and in that way improving the therapeutic window of the
treatmentduetomoreconsistentdrugrelease.Inaddition,severalnanoparticletypeshave
closed, highly hydrophobic compartments, which make them suitable carriers for many
antineoplastic molecules with poor aqueous solubilities decreasing the need for toxic
diluentstobepresentinthedrugformulations.Furthermore,byappropriatenanoparticle
materialselectionorsurfacemodifications,thenanoparticlescanbeengineerednotonlyto
efficiently cross the BBB but also to be targeted directly to the tumor cells. Finally, the
surface modifications of the nanoparticles can be used to increase the bioavailability of
several drugs due to the longer serum halflife of the encapsulated drug and
simultaneouslydecreasingtheiraccumulationintoofftargettissuessparingpatientsfrom
treatmentlimitingsideeffects.
5.3.1Synthesisandcharacterizationofpoly(lacticacid)polymers
PEGPLAwas synthetized by melt polymerization and solution polymerization method
was used in order to synthetize bPEGPLA polymer. Polymerization of both PEGPLA
and bPEGPLA were successful. Polymers were further characterized by size exclusion
chromatography (SEC) for molecular weights and by differential scanning calorimetry
(DSC)fortheglasstransition(Tg).Inaddition,1HNMRwasusedforstructuralanalysisof
thebPEGPLApolymer.
The spectra from 1H NMR showed that the biotinylation of the polymer had been
successful (Table 11 or Original publication III, Figure 1) although due to the low
concentrationofbiotin, the characteristicpeakwasvery faint inbPEGPLAspectra.The
freeamidoprotonsignalconfirmedthe formationofacovalentbondbetweenbiotinand
the PEGPLA polymer. Furthermore, free biotinwas not present in the samples as data
fromDSCshowedonlyasinglesignalforbiotin.
Intable1ofOriginalPublicationIII(andTable11below),themolecularweightsofthe
polymersshowedthatthePEGchainofbPEGPLAwasslightlylongerthanofPEGPLA
polymer (3400 vs 2000 g/mol). This was done to avoid potential issues with steric
hinderance due to PEGylation of the NPs and tetrameric binding of biotin into avidin,
whichcoulddecreasethebindingefficacyoftheNPsintoavidinmoietiesatthetargeting
studies. Themolecularweight (weight average,Mw) of the polymers revealed that PEG
PLA had been synthetized in a larger quantity (40,500 vs 22,600 g/mol). However, the
number average molecular weight (Mn) indicated that there were relatively as many
monomers in both PEGPLA and bPEGPLA polymer batches (20,000 vs 19,900 g/mol,
respectively). The polydispersity index (Mw/Mn) was higher in PEGPLA (value 2.0)
whereas the bPEGPLAwas close to value of 1 (value 1.1). The polydispersity index is
related to the homogeneity of the polymer batch, where natural polymers are generally
close toavalueof1 indicating thatonlya single formof thepolymer ispresent (Atkins,
2010,Vievilleetal.,2011).Therefore,itcanbeconcludedthethebPEGPLApolymerwas
morehomogenousoruniformthanthePEGPLApointingtodifferencesbetweenthemelt
and solution polymerization methods in the reaction conditions, material ratios or
completionofthepolymerization.Theglasstransitiontemperaturevalues(Tg)ofPEGPLA
andbPEGPLAwere35°Cand15°C,respectively,whichreferstothetemperaturewhere
the polymers will change into a ‘rubberlike’ state before the temperature reaches the
melting temperature.  As the natural Tg of a PLA polymer is approximately 60 °C, the
additionofPEGchainshadsignificantlyreducedtheTgoftheformedpolymer,whichisin
linewithearlierstudies(MartinandAvérous,2001).However,Tg–stateofthepolymersin
the physiological temperatures was considered as being beneficial as there are studies
showingthatsoftnanoparticlesarenotsorapidlyendocytosedbythemacrophagesasthe
their rigid counterparts (Wang et al., 2011). In addition, the process is considered to
improve themechanicalpropertiesof thepolymersasadecrease in therigidity increases
thefracturestrainofthepolymer.However,thelowerTgofthebPEGPLA,wasprobably

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attributable to the longer PEGchains, and it should theoretically be higher as when
administered to a patient with ambient temperature at 3537 °C, the bPLANPs may
undergorapidchangesinthepolymerstructureanddegradeprematurely.
5.3.2Preparationandcharacterizationofnanoparticles
Nanoparticles were successfully prepared from either PEGPLA polymer (PLANPs) or
from 1:100 mixture of bPEGPLA : PEGPLA –polymers (bPLANPs) by the interfacial
deposition solvent displacement method. The antineoplastic drug, paclitaxel, was
encapsulatedintotheNPsduringthepreparation(loadedPLANPsandbPLANPs).After
preparations, the physical properties of the NPs were further characterized, e.g. size,
morphologyandzetapotentialaswellastheamountofpaclitaxelencapsulatedwithinthe
loadedNPs.Inaddition,thefunctionalityofthebiotinonbPLANPswastested.
ThesizeandzetapotentialoftheNPswasmeasuredbyalightscatteringmethod.The
meansizesoftheNPswere104.9±38.6and106.8±38.5nmforPLANPsandbPLANPs,
respectivelyindicatingthattherewasauniformpreparationofnanoparticleswithanarrow
particlesizerange(Table11orOriginalpublicationIII,Table2).Althoughtheparticlesize
isadequatefortherapy,slightlysmallersizedNPsmaywellhavepossessedmoreoptimal
properties for cancer therapy in vivo to achieve a maximal EPR effect and to evade
eliminationbytheRES(GuptaandWells,2004).Thezetapotential,particlecharge in the
specificmedium,showedanegativechargeofslightlybelow10mVforbothparticletypes
in Hepes buffered medium (pH 7.4) due to the carboxylic groups of PLA. The results
indicate that the biotinylation of the bPLANPs did not have any effect on the particle
chargedespitethepositivechargeofbiotin.Anegativechargeisadvantageousintargeted
therapyasitdecreasestheofftargettoxicitysincenegativecellmembranesrepelnegatively
chargedparticles(Grattonetal.,2008).However,azetapotentialclosetoneutralcharge(0
± 30 mV) is considered to be disadvantageous as there will be more particleparticle
interactions as a consequence of the low repelling forces and this may cause particle
aggregation(Freitas,1998).Imagestakenwithatransmissionelectronmicroscoperevealed
theNPstobesphericalandhomogenous(OriginalpublicationIII,figure2)andonlyslight
aggregationwasvisibleintheimages.ThefunctionalityoftheaddedbiotininbPLANPs
wasconfirmedbystreptavidincolumnseparationfollowedbyanalysisofthefractionated
solutionwithlightscatteringandhighperformanceliquidchromatography(HPLC).Both
methodsdemonstratedthatthebPLANPswereboundtostreptavidincolumnwithalmost
100%efficacieswhereasover90%ofthePLANPswerefoundinthefractionatedsolution
(Table11orOriginalpublicationIII,Figure3).Thebiotinaffinityassayconfirmedthatthe
PEGylationofthebPLANPsdidnotinterferewiththefunctionalityofthebiotin,although
the PEGchains were slightly longer than in the PLANPs. The amount of encapsulated
paclitaxel was measured by the extraction method where the drug concentration in the
nitrogen stream dried NPs from aqueous solution and washed lyophilized NPs, was
measuredbyHPLCafterdissolutionofequalamountofparticlesintoacetonitrile.Inboth
cases, the paclitaxel was encapsulated within the NPs at over 90 % efficacy. Thus,
lyophilizationcouldbeconsideredasaneffective,nolossmethodforstoringtheNPsfor
prolongedperiods(OriginalpublicationIII,Table2).
5.3.3Invitrodrugreleaseandantitumoralactivity
The drug release rate of the loaded NPs was determined using an ultracentrifugation
methodwheretheloadedNPswereincubatedin+37°Cinphosphatebufferedsalinewith
additional sodiumlaurylsulfate (SLS) to increase the solubility of the paclitaxel. At
predetermined timepoints, samples were ultracentrifuged to remove all NPs and the
paclitaxel concentrationswere then analyzed from the supernatantwithHPLC.Thedata
indicatedthat themajority(70%)of thedrughadbeenreleasedasahighburst fromthe
NPswithin the firsthour (Table11orOriginalpublication III, Figure3).After the initial
burst, the remaining paclitaxel was steadily released during the next 23 hours, virtually

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releasingtheallencapsulateddrugwithin24h.Thereleaseprofilewassimilarwithboth
PLANPs and bPLANPs suggesting uniform polymer properties and preparation of the
NPs. The rapid release of the paclitaxel is in linewith other similar studies and can be
attributedtotheshortdiffusionaldistanceandthelargesurfacearea(Fonsecaetal.,2002).
In terms of optimal glioma therapy, a slightly slower andmore constant release profile
would have been preferable to ensure NP accumulation within the tumor as well as
minimizing the offtarget toxicity due to premature drug release. However, the release
propertiesoftheNPsarestillbetterthanTaxolformulationonitsown.

Table 11. The characteristics of the poly(lactid-acid) polymers and prepared nanoparticles as 
described in the Original Publication III, Table 1, Table 2, Figure 3 and Figure 4. 
Characteristics of the polymers and 
nanoparticles
Non-biotinylated Biotinylated 
Polymer PEG chain (g/mol) 2000 3400 
Mw (g/mol) 40.5 22.6 
Mn (g/mol) 20 19.9 
Polydispersity index (Mw/Mn) 2.0 1.1 
    
Nanoparticle Biotinylation (%) 0 1 
Tg (°C) 35 15 
Size (nm ± SD) 104.9 ± 38.6 106.8 ± 38.5 
Zeta potential (mV) 10.4 ± 0.5 10.2 ± 0.5 
Binding efficacy to streptavidin (%) 10 > 90 
Encapsulation efficacy (%)   
     washed nanoparticles 92.9 ± 3.1 93.7 ± 5.0 
     nanoparticles in suspension 93.5 ± 5.2 92.4 ± 3.9 
Drug release profile (%)   
     1 h 70 
     24 h > 90 
PEG = polyethyleneglycol, SD = standard deviation 

TheantineoplasticefficaciesofTaxolaswellasthenontargetedPLANPs,nontargeted
bPLANPsandtargetedbPLANPswithandwithoutencapsulatedpaclitaxelweretestedin
vitro in malignant rat glioma and hepatic carcinoma cell lines BT4C and HepG2,
respectively.Drugconcentrationsof0.150g/mlwereusedandtargetingforbPLANPs
wasachievedbyusingamethodwherebiotinylated transferrinwas first introduced into
thecells,followedbyneutralavidinbridgingandfinallyadministrationofbPLANPs.The
viability of the cells was measured 72 h after treatment with an assay based on the
mitochondrial activity of the cells. The results indicated that there was no difference in
viability between Taxol and loaded PLANPs or bPLANPs in the HepG2 cell line. The
targetedtreatmentdidnotachieveanydecrease intheviabilityof thecells,whichcanbe
explained by specific nature of theHepG2 cells.Although tumor cells are considered to
overexpress transferrin receptors, it is known that in HepG2 cells, the transferrin is
converted into apotransferrin and secreted out from the cells. Thiswas responsible for a
failureinthefirststepofthepretargetingprotocolandconsequentlyoftheentiretargeting
strategy(Stoorvogeletal.,1987).However, in themalignantratgliomacell lineBT4C, the
threesteppretargetingsignificantlyincreasedthecytotoxicityofthetreatmentatthehigher
concentrations as compared to other treatments (Original publication III, Figure 5).
However, the improvedefficacywasnot seenwith the lowerconcentrationsof thedrug.
ThiscouldbeexplainedwiththeIC50valuesofthepaclitaxelwhichareknowntobe1.8–
6.3g/mldependingonthecellline(Liebmannetal.,1994).Thecytotoxicityinthe1g/ml
groupswasnotasextensivewhichwasnotunexpectedduetothesubIC50concentrations
ofthedrug.However,aclearimprovementinthetargetedtreatmentincomparisontothe

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Taxoltreatmentwasobservedinthe10g/mlrange,evidenceofasuccessfulpretargeted
protocol. In addition, the nontargeted NPs had a lower cell killing efficacy than Taxol
displaying the shielding properties of the NPs and decreased offtarget toxicity. In the
highest drug concentration group, all the treatments eradicated cellswith equal efficacy,
withtheexceptionofthetargetedbPLANPsthatstillpossessedasignificantlyimproved
efficacy. In addition to the improved cytotoxic profile of the pretargeted bPLANP
treatment,thesafetyprofileoftheNPscouldbeconsideredasbetterthanthatofTaxol.The
commercial form of paclitaxel, Taxol® has the drug dissolved in ethanol and
polyethoxylatedcastoroil(CremophorEL).CremophorELisaknownallergenmakingthe
drugunsuitable fora subpopulationof thepatients (Singlaetal., 2002).Additionally, the
formulation isknowntoaffect thepharmacokineticsofpaclitaxelbyentrapping thedrug
within inclusion micelles, seriously complicating any estimation of the drug’s
pharmacokinetics and effects in patients. However, the NPs could be filled with pure
paclitaxel without the need for dilutants. In addition, NPs are biodegradable, i.e.
metabolizedintophysiologicallycompatiblemetabolicproductsthathavenoeffectonthe
cellviability(notshown).Furthermore,NPscouldshieldtheofftargetcellsfromtheeffect
ofthepaclitaxeltosomeextent.
ThisstudydescribedandcharacterizedthesynthesisofPLApolymers,thepreparation
ofPLANPsand theiruse in targetedcancer therapyusingavidinbiotin technology.The
polymerswere successfully synthetized using two separate polymerizationmethods and
NPs preparedwere found to have uniform shape, size and charge. Encapsulation of the
drug was highly efficient, although the drug release rates were inappropriately rapid.
Biotinylated NPs bound to avidin with high specificity and improved the cell killing
efficacyinathreesteptargetedcancertherapeuticprotocol.
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6Summaryandconclusions
1. Avectorforstableandlongtermexpressionoftheavidinfusionproteinwasdevised
for improved therapeutic applications and better options. A lentiviral vector
containing the transgene expressing the avidinfusion protein capable of binding
biotinylatedmoleculeswasclonedandproducedinhightiters.Theexpressionofthe
fusion proteinwas demonstrated in vitro and in vivo.The high affinity binding of
biotinylatedligandsbytheavidinfusionproteininrepetitivemannerwasprovento
be feasible. Inaddition,no toxicitywasrelated to theuseof the lentiviralvectoror
theavidinfusionproteinandevidencewasfoundfortargetedtreatmentofGBM.

2. The avidinfusion protein was utilized in several in vivo experiments in order to
investigatethemultifunctionalityofthesystem.Theexpressionoftheavidinfusion
proteinwasshown inanorthotopic syngeneic ratmalignantgliomamodeland the
biotinbindingcapacityofthesystemproveninsideandoutsidethethebloodbrain
barrier frombothinterstitialspaceandcirculationusingseveralanimalmodelsand
ligands.Inaddition,thefeasibilityofusingdifferentimagingmodalitiestolocatethe
cellsexpressingtheavidinfusionproteinwasdemonstrated.Furthermore,theuseof
theavidinfusionproteinfortargetedradiotherapyimprovedsignificantlysurvivalin
the rat glioma model in comparison to nontargeted treatment and controls,
highlighting the potential advantages of the avidinfusion protein in the field of
targetedtherapy.

3. A biodegradable nanocarrier for highly water insoluble drugs was first
manufactured, then characterized and finally used in an avidinbiotin based three
steptargetingprotocolforinvitrotreatmentofGBM.Thepoly(lacticacid)polymers
withPEGmodifications and optional biotin attachmentswere producedusing two
separate methods and the molecular polymer properties and structures verified.
Nanoparticles containing an insoluble antineoplastic drug were prepared
successfully from the polymers. The nanoparticles were characterized further to
ensure that they were uniform spherical particles with functional biotin on the
surface for targetingpurposes.Thenanoparticleswerenontoxic and thedrugwas
released from the particles in a rapid manner. The in vitro threestep targeting
protocol using biotinylated transferrinavidinbiotinylated nanoparticle system
improved the cell killing efficacy in comparison to nontargeted nanoparticles or a
singletreatmentwiththeantineoplasticdrug.

In summary, this thesis describes the use of targeted therapies in the treatment of
experimentalGBM.Avidinbiotin technology and the use of the avidinfusionprotein as
themediatorsofatargetedtreatmentofgliomabothinvitroandinvivoaredescribed.The
lentiviralavidinfusionproteinholdsgreatpotential fornovelapplications inpretargeted
cancertherapies.Inthefuture,itwouldbeinterestingtostudytheefficacyofimprovedand
prolonged treatment protocols for GBM potentiated by the integration of the vector.
Furthermore,theuseoftheavidinfusionproteinhasinotherapplications,suchasvector
targeting or indusion as a marker gene, could be potential topics for further studies.
BiodegradableNPs are carriers of cytotoxicdrugswith improved characteristics, such as
thedecreasedsideeffectsandthepossibilityfortargetedandcontrolledreleaseofthedrug.
Inthefuture,modificationsofthepolymerscouldfurtherimprovethesecharacteristics.In
addition,NPscouldbeefficientlyusedfortargetedtherapyofneurodegenerativedisorders
whicharediseaseswheredrugtreatmentiscommonlyhinderedbyfailuretocrosstheBBB.

68






















































69

REFERENCES
Aarts,F.,Bleichrodt,R.P.,Oyen,W.J.&Boerman,O.C.2008.Intracavitaryradioimmunotherapytotreat
solidtumors.Cancerbiotherapy&radiopharmaceuticals,23,92107.
Agarwala, S. S. & Kirkwood, J. M. 2000. Temozolomide, a novel alkylating agent with activity in the
centralnervoussystem,mayimprovethetreatmentofadvancedmetastaticmelanoma.Theoncologist,5,144
51.
Ahmad,F.,Pacholska,A.,Tuppurainen,V.,YlaHerttuala,S.&Hyvarinen,A.2011.ResectableVX2rabbit
braintumormodelfordevelopmentofintraoperativelocaladministrationofdrugs.Actaneurochirurgica,153,
197981.
Airenne,K.&Kulomaa,M.S.1995.Rapidpurificationofrecombinantproteins fused tochickenavidin.
Gene,167,6368.
Airenne,K.J.,Mähönen,A.J.,Laitinen,O.H.AndYläHerttualaS.2009.Baculovirusmediatedgenetransfer:
AnEvolvingNewConsept,NewYork,MarcelDekkerInc.
Albesiano,E.,Han,J.E.&Lim,M.2010.Mechanismsoflocal immunoresistanceinglioma.Neurosurgery
clinicsofNorthAmerica,21,1729.
Allen,T.M.&Cullis,P.R.2004.Drugdeliverysystems:enteringthemainstream.Science,303,181822.
Ando, A., Ando, I., Katayama, M., Sanada, S., Hiraki, T., Mori, H., Tonami, N. & Hisada, K. 1987.
Biodistributionsof201Tlintumorbearinganimalsandinflammatorylesioninducedanimals.Europeanjournal
ofnuclearmedicine,12,56772.
Armentano,D.,Sookdeo,C.C.,Hehir,K.M.,Gregory,R.J.,StGeorge,J.A.,Prince,G.A.,Wadsworth,S.
C.& Smith,A. E. 1995. Characterization of an adenovirus gene transfer vector containing an E4 deletion.
Humangenetherapy,6,134353.
Aronen,H. J.& Perkio, J. 2002.Dynamic susceptibility contrastMRI of gliomas.Neuroimaging clinics of
NorthAmerica,12,50123.
Arrichiello,C.,Aloj,L.,Mormile,M.,Dambrosio,L.,Frigeri,F.,Caraco,C.,Arcamone,M.,DeMartinis,F.,
Pinto,A.&Lastoria,S. 2012.Feasibilityofbremsstrahlungdosimetry fordirectdoseestimation inpatients
undergoing treatment with (90)Yibritumomab tiuxetan. European journal of nuclear medicine and molecular
imaging.
Asai,A.,Miyagi,Y.,Sugiyama,A.,Gamanuma,M.,Hong,S.H.,Takamoto,S.,Nomura,K.,Matsutani,M.,
Takakura, K. & Kuchino, Y. 1994. Negative effects of wildtype p53 and sMyc on cellular growth and
tumorigenicityofgliomacells.Implicationofthetumorsuppressorgenesforgenetherapy.Journalofneuro
oncology,19,25968.
Atkins,P.a.D.P.,J.2010.AtkinsPhysicalChemistry,NewYork,OxfordUniversityPress.
Avgeropoulos, N. G. & Batchelor, T. T. 1999. New treatment strategies for malignant gliomas. The
oncologist,4,20924.
Badie, B., Kramar,M.H., Lau, R., Boothman, D. A., Economou, J. S. & Black, K. L. 1998.Adenovirus
mediated p53 gene delivery potentiates the radiationinduced growth inhibition of experimental brain
tumors.Journalofneurooncology,37,21722.
Bae, S. W., Tan, W. & Hong, J. I. 2012. Fluorescent dyedoped silica nanoparticles: new tools for
bioapplications.Chemicalcommunications,48,227082.
Bagshawe,K.D.2009.Targeting:theADEPTstorysofar.Currentdrugtargets,10,1527.
Baker, S.D.,Wirth,M., Statkevich,P.,Reidenberg,P.,Alton,K., Sartorius, S. E.,Dugan,M.,Cutler,D.,
Batra,V.,Grochow,L.B.,Donehower,R.C.&Rowinsky,E.K.1999.Absorption,metabolism,andexcretionof
14Ctemozolomidefollowingoraladministrationtopatientswithadvancedcancer.Clinicalcancerresearch:an
officialjournaloftheAmericanAssociationforCancerResearch,5,30917.
Bakker,W.H.,Krenning,E.P.,Reubi, J.C.,Breeman,W.A.,SetyonoHan,B.,De Jong,M.,Kooij,P.P.,
Bruns, C., Van Hagen, P. M., Marbach, P. & Et Al. 1991. In vivo application of [111InDTPADPhe1]
octreotidefordetectionofsomatostatinreceptorpositivetumorsinrats.Lifesciences,49,1593601.

70

Barbarella, G., Ricci, R., Pirini, G., Tugnoli, V., Tosi, M. R., Bertoluzza, A., Calbucci, F., Leonardi, M.,
Trevisan,C.&Eusebi,V. 1998. In vivo single voxel 1HMRSof glial brain tumors: correlationwith tissue
histologyandinvitroMRS.Internationaljournalofoncology,12,4618.
Barker,F.G.,2nd,Chang,S.M.,Gutin,P.H.,Malec,M.K.,Mcdermott,M.W.,Prados,M.D.&Wilson,C.
B.1998.Survivalandfunctionalstatusafterresectionofrecurrentglioblastomamultiforme.Neurosurgery,42,
70920;discussion7203.
Barth,R. F.& Joensuu,H. 2007. Boronneutron capture therapy for the treatment of glioblastomas and
extracranial tumours: as effective,more effective or less effective thanphoton irradiation?Radiotherapy and
oncology:journaloftheEuropeanSocietyforTherapeuticRadiologyandOncology,82,11922.
Barth,R.F.&Kaur,B.2009.Ratbraintumormodelsinexperimentalneurooncology:theC6,9L,T9,RG2,
F98,BT4C,RT2andCNS1gliomas.Journalofneurooncology,94,299312.
Bayer, E. A., BenHur, H. & Wilchek, M. 1986. A sensitive enzyme assay for biotin, avidin, and
streptavidin.Analyticalbiochemistry,154,36770.
Beckmann,N.2006.Invivomagneticresonancetechniquesanddrugdiscovery.BrazilianJournalofPhysics,
36,1622.
Belletti,S.,Gobbi,G.&Guerra,U.1979.Internal131Csdosimetry.LaRicercainclinicaeinlaboratorio,9,91
9.
Benard,F.,Romsa,J.&Hustinx,R.2003.Imaginggliomaswithpositronemissiontomographyandsingle
photonemissioncomputedtomography.Seminarsinnuclearmedicine,33,14862.
Benda,P.,Lightbody,J.,Sato,G.,Levine,L.&Sweet,W.1968.Differentiatedratglialcellstrainintissue
culture.Science,161,3701.
Benda,P.,Someda,K.,Messer,J.&Sweet,W.H.1971.Morphologicalandimmunochemicalstudiesofrat
glialtumorsandclonalstrainspropagatedinculture.Journalofneurosurgery,34,31023.
Berezowska, S. And Schlegel, J. 2011. Targeting ErbB receptors in highgrade glioma. Current
PharmacologicalDesign,17,24682487.
Berthol,D., Feidt,C.&BrunBellut, J. 2003. Effect of low continuous 99Tc intake on its absorption and
metabolisminyoungrats.Journalofenvironmentalradioactivity,67,16980.
Bessis,N.,Garciacozar,F.J.&Boissier,M.C.2004.Immuneresponsestogenetherapyvectors:influence
onvectorfunctionandeffectormechanisms.Genetherapy,11Suppl1,S107.
Biernat,W.,Tohma,Y.,Yonekawa,Y.,Kleihues,P.&Ohgaki,H.1997.Alterationsofcellcycleregulatory
genesinprimary(denovo)andsecondaryglioblastomas.Actaneuropathologica,94,3039.
Black,K.L.,Hawkins,R.A.,Kim,K.T.,Becker,D.P.,Lerner,C.AndMarciano,D.1989.Useofthallium201
SPECTtoquantitatemalignancygradeofgliomas.JournalofNeurosurgery,71,342346.
Blanco, E., Hsiao, A., RuizEsparza, G. U., Landry, M. G., MericBernstam, F. & Ferrari, M. 2011.
Moleculartargetednanotherapiesincancer:enablingtreatmentspecificity.Molecularoncology,5,492503.
Blouw,B.,Haase,V.H.,Song,H.,Bergers,G.&Johnson,R.S.2007.Lossofvascularendothelialgrowth
factorexpressionreducesvascularization,butnotgrowth,of tumors lacking theVonHippelLindautumor
suppressorgene.Oncogene,26,453140.
Boado, R.J., Zhang, Y., Zhang, Y., Xia, C., Wang, Y and Pardridge, W. 2008. Genetic engineering,
expression, and activity of a chimeric monoclonal antibodyavidin fusion protein for receptormediated
deliveryofbiotinylateddrugsinhumans.BioconjugateChemistry,19,731739.
Boado,R. J.,Hui, E.K., Lu, J. Z.& Pardridge,W.M. 2010.Drug targeting of erythropoietin across the
primatebloodbrainbarrierwithanIgGmolecularTrojanhorse.TheJournalofpharmacologyandexperimental
therapeutics,333,9619.
Board,R.G.&Fuller,R.1974.Nonspecificantimicrobialdefencesoftheavianegg,embryoandneonate.
BiologicalreviewsoftheCambridgePhilosophicalSociety,49,1549.
Bogler,O.,Huang,H. J.,Kleihues,P.&Cavenee,W.K.1995.Thep53geneand its role inhumanbrain
tumors.Glia,15,30827.
Branco, M. C., Sigano, D. M. & Schneider, J. P. 2011. Materials from peptide assembly: towards the
treatmentofcancerandtransmittabledisease.Currentopinioninchemicalbiology,15,42734.
Brandsma,D.&VanDenBent,M. J. 2009. Pseudoprogression andpseudoresponse in the treatment of
gliomas.Currentopinioninneurology,22,6338.

71

Brat, D. J., Prayson, R. A., Ryken, T. C. & Olson, J. J. 2008. Diagnosis of malignant glioma: role of
neuropathology.Journalofneurooncology,89,287311.
Braunagel, S.C.& Summers,M.D. 1994.Autographa californica nuclear polyhedrosis virus, PDV, and
ECVviralenvelopesandnucleocapsids: structuralproteins,antigens, lipidand fattyacidprofiles.Virology,
202,31528.
Brenner,D.J.&Hall,E.J.2007.Computedtomographyanincreasingsourceofradiationexposure.The
NewEnglandjournalofmedicine,357,227784.
Brown,B.D.,Cantore,A.,Annoni,A.,Sergi,L.S.,Lombardo,A.,DellaValle,P.,D’angelo,A.&NaldiniL.
2007.AmicroRNAregulated lentiviral vectormediates stable correction of hemophilia Bmice.Blood, 110,
41444152.
Bruch,R.C.&White,H.B.,3rd1982.Compositionalandstructuralheterogeneityofavidinglycopeptides.
Biochemistry,21,533441.
Brunberg,J.A.,Chenevert,T.L.,Mckeever,P.E.,Ross,D.A.,Junck,L.R.,Muraszko,K.M.,Dauser,R.,
Pipe, J. G. & Betley, A. T. 1995. In vivo MR determination of water diffusion coefficients and diffusion
anisotropy: correlation with structural alteration in gliomas of the cerebral hemispheres.AJNR. American
journalofneuroradiology,16,36171.
Bucci,M. K., Bevan, A. & Roach,M., 3rd 2005. Advances in radiation therapy: conventional to 3D, to
IMRT,to4D,andbeyond.CA:acancerjournalforclinicians,55,11734.
Buckner,J.C.2003.Factorsinfluencingsurvivalinhighgradegliomas.Seminarsinoncology,30,104.
Burns, J. C., Friedmann, T.,Driever,W., Burrascano,M.&Yee, J. K. 1993.Vesicular stomatitis virusG
glycoproteinpseudotypedretroviralvectors:concentrationtoveryhightiterandefficientgenetransferinto
mammalian and nonmammalian cells. Proceedings of the national academy of sciences of the Unites States of
America,90,80338037.
Calderon,V.M.&Jensen,L.S.1990.Therequirementforsulfuraminoacidbylayinghensasinfluenced
bytheproteinconcentration.Poultryscience,69,93444.
Candolfi,M.,Curtin, J. F.,Nichols,W. S.,Muhammad,A.G.,King,G.D., Pluhar,G. E.,Mcniel, E.A.,
Ohlfest, J. R., Freese, A. B., Moore, P. F., Lerner, J., Lowenstein, P. R. & Castro, M. G. 2007. Intracranial
glioblastoma models in preclinical neurooncology: neuropathological characterization and tumor
progression.Journalofneurooncology,85,13348.
Casi, G.&Neri, D. 2012.Antibodydrug conjugates: Basic concepts, examples and future perspectives.
Journalofcontrolledrelease:officialjournaloftheControlledReleaseSociety.
Castillo,M., Smith, J. K. & Kwock, L. 2000. Correlation ofmyoinositol levels and grading of cerebral
astrocytomas.AJNR.Americanjournalofneuroradiology,21,16459.
Chan, K. C., Khong, P. L., Cheung, M. M., Wang, S., Cai, K. X. & Wu, E. X. 2009. MRI of late
microstructural and metabolic alterations in radiationinduced brain injuries. Journal of magnetic resonance
imaging:JMRI,29,101320.
Chan,W.C.,Maxwell,D.J.,Gao,X.,Bailey,R.E.,Han,M.&Nie,S.2002.Luminescentquantumdotsfor
multiplexedbiologicaldetectionandimaging.Currentopinioninbiotechnology,13,406.
Check,E.2005.Genetherapytrialstorestartfollowingcancerriskreview.Nature,434,127.
Chilkoti, A., Tan, P. H. & Stayton, P. S. 1995. Sitedirected mutagenesis studies of the highaffinity
streptavidinbiotincomplex:contributionsoftryptophanresidues79,108,and120.ProceedingsoftheNational
AcademyofSciencesoftheUnitedStatesofAmerica,92,17548.
Chodobski, A., Zink, B. J. & SzmydyngerChodobska, J. 2011. Bloodbrain barrier pathophysiology in
traumaticbraininjury.Translationalstrokeresearch,2,492516.
Choi,Y.S.,Lee, J.Y., Suh, J.S.,Lee,S. J.,Yang,V.C.,Chung,C.P.&Park,Y. J.2011.Cellpenetrating
peptidesfortumortargeting.Currentpharmaceuticalbiotechnology,12,116682.
Chretien,F.,Boche,D.,LorinDeLaGrandmaison,G.,Ereau,T.,Mikol,J.,Hurtrel,M.,Hurtrel,B.&Gray,
F. 2000. Progressive multifocal leukoencephalopathy and oligodendroglioma in a monkey coinfected by
simianimmunodeficiencyvirusandsimianvirus40.Actaneuropathologica,100,3326.
Christophi, C., Winkworth, A., Muralihdaran, V. & Evans, P. 1998. The treatment of malignancy by
hyperthermia.Surgicaloncology,7,8390.
Chung,Y.L.,Jian,J.J.,Cheng,S.H.,Tsai,S.Y.,Chuang,V.P.,Soong,T.,Lin,Y.M.&Horng,C.F.2006.
Sublethal irradiation induces vascular endothelial growth factor and promotes growth of hepatoma cells:

72

implications for radiotherapy of hepatocellular carcinoma. Clinical cancer research : an official journal of the
AmericanAssociationforCancerResearch,12,270615.
Cirielli,C.,Inyaku,K.,Capogrossi,M.C.,Yuan,X.&Williams,J.A.1999.Adenovirusmediatedwildtype
p53 expression induces apoptosis and suppresses tumorigenesis of experimental intracranial human
malignantglioma.Journalofneurooncology,43,99108.
Cockrell,A.S.&Kafri,T.2007.Genedeliverybylentivirusvectors.Molecularbiotechnology,36,184204.
Coffin, J. M., Hughes, S. H. And Varmus, H. E. 1997. Retroviruses, Plainview, Cold Spring Harbor
LaboratoryPress.
Collins,V.P.2004.Braintumours:classificationandgenes.Journalofneurology,neurosurgery,andpsychiatry,
75Suppl2,ii211.
Colmenero, P., Chen, M., CastanosVelez, E., Liljestrom, P. & Jondal, M. 2002. Immunotherapy with
recombinant SFVreplicons expressing the P815A tumor antigen or IL12 induces tumor regression.
Internationaljournalofcancer.Journalinternationalducancer,98,55460.
Combs,G.F.1992.TheVitamins:Fundamentalaspectsinnutritionandhealth,SanDiego,AcademicPress.
Copeland,D.D.,Talley,F.A.&Bigner,D.D.1976.Thefinestructureofintracranialneoplasmsinducedby
theinoculationofaviansarcomavirusinneonatalandadultrats.TheAmericanjournalofpathology,83,14976.
Cosco, D., Paolino, D., Cilurzo, F., Casale, F. & Fresta, M. 2012. Gemcitabine and tamoxifenloaded
liposomes as multidrug carriers for the treatment of breast cancer diseases. International journal of
pharmaceutics,422,22937.
Coss, R. A. & Linnemans, W. A. 1996. The effects of hyperthermia on the cytoskeleton: a review.
International journal of hyperthermia : the official journal of European Society for Hyperthermic Oncology, North
AmericanHyperthermiaGroup,12,17396.
CouncilofEurope,DirectorateofLegalAffairs.1998.Conventionfortheprotectionsofhumanrightsand
dignityofthehumanbeingwithregardstotheapplicationofbiologyandmedicine:Conventiononhuman
rightsandbiomedicine.Strasbourgh.
CouraRdos,S.&Nardi,N.B.2007.Thestateof theartofadenoassociatedvirusbasedvectors ingene
therapy.Virologyjournal,4,99.
Coutrakon, G., Bauman, M., Lesyna, D., Miller, D., Nusbaum, J., Slater, J., Johanning, J., Miranda, J.,
Deluca, P. M., Jr., Siebers, J. & Et Al. 1991. A prototype beam delivery system for the proton medical
acceleratoratLomaLinda.Medicalphysics,18,10939.
Cronan,J.E.,Jr.1990.Biotinationofproteinsinvivo.Aposttranslationalmodificationtolabel,purify,and
studyproteins.TheJournalofbiologicalchemistry,265,1032733.
Dai,C.&Holland,E.C.2001.Gliomamodels.Biochimicaetbiophysicaacta,1551,M1927.
Danthinne,X.& Imperiale,M. J.2000.Productionof firstgenerationadenovirusvectors:a review.Gene
therapy,7,170714.
Das,M.,Mishra,D.,Dhak,P.,Gupta,S.,Maiti,T.K.,Basak,A.&Pramanik,P.2009.Biofunctionalized,
phosphonategrafted, ultrasmall iron oxide nanoparticles for combined targeted cancer therapy and
multimodalimaging.Small,5,288393.
Davies,E.,Clarke,C.&Hopkins,A.1996.MalignantcerebralgliomaI:Survival,disability,andmorbidity
afterradiotherapy.BMJ,313,150712.
Davis,M.E.,Chen,Z.G.&Shin,D.M.2008.Nanoparticletherapeutics:anemergingtreatmentmodality
forcancer.Naturereviews.Drugdiscovery,7,77182.
Del Sole,A., Falini,A., Ravasi, L.,Ottobrini, L.,DeMarchis,D., Bombardieri, E.& Lucignani,G. 2001.
Anatomicalandbiochemicalinvestigationofprimarybraintumours.Europeanjournalofnuclearmedicine,28,
185172.
DelSole,A.,Moncayo,R.,Tafuni,G.&Lucignani,G.2004.Positionofnuclearmedicinetechniquesinthe
diagnostic workup of brain tumors.The quarterly journal of nuclear medicine and molecular imaging : official
publicationoftheItalianAssociationofNuclearMedicine,48,7681.
Delange,R. J.1970.Eggwhiteavidin. I.Aminoacidcomposition;sequenceof theaminoandcarboxyl
terminalcyanogenbromidepeptides.TheJournalofbiologicalchemistry,245,90716.
Delenda, C. 2004. Lentiviral vectors: optimization of packaging, transduction and gene expression.The
journalofgenemedicine,6Suppl1,S12538.

73

DelmonMoingeon,L.I.,PiwnicaWorms,D.,VanDenAbbeele,A.D.,Holman,B.L.,Davison,A.&Jones,
A.G.1990.Uptakeof thecationhexakis(2methoxyisobutylisonitrile)technetium99mbyhumancarcinoma
celllinesinvitro.Cancerresearch,50,2198202.
Demuth,T.&Berens,M.E.2004.Molecularmechanismsofgliomacellmigrationandinvasion.Journalof
neurooncology,70,21728.
Dendy,P.P.,AndHeaton,B.1999.Physicsfordiagnosticradiology,London,Taylor&FrancisLtd.
Denlinger,R.H.,Axler,D.A.,Koestner,A.&Liss,L.1975.Tumorspecific transplantation immunity to
intracerebralchallengewithcellsfromamethylnitrosoureainducedbraintumor.Journalofmedicine,6,249
59.
Denny,W.A.2003.ProdrugsforGeneDirectedEnzymeProdrugTherapy(SuicideGeneTherapy).Journal
ofbiomedicine&biotechnology,2003,4870.
Depolo,N. J.,Reed, J.D.,Sheridan,P.L.,Townsend,K.,Sauter,S.L., Jolly,D. J.&Dubensky,T.W., Jr.
2000. VSVG pseudotyped lentiviral vector particles produced in human cells are inactivated by human
serum.Moleculartherapy:thejournaloftheAmericanSocietyofGeneTherapy,2,21822.
Devita,V.T.,Jr.&Chu,E.2008.Ahistoryofcancerchemotherapy.Cancerresearch,68,864353.
Dhermain,F.G.,Hau,P.,Lanfermann,H.,Jacobs,A.H.&VanDenBent,M.J.2010.AdvancedMRIand
PETimagingforassessmentoftreatmentresponseinpatientswithgliomas.Lancetneurology,9,90620.
Diamandis,E.P.&Christopoulos,T.K.1991.Thebiotin(strept)avidinsystem:principlesandapplications
inbiotechnology.Clinicalchemistry,37,62536.
Dillman,R.O.,Duma,C.M.,Schiltz,P.M.,Depriest,C.,Ellis,R.A.,Okamoto,K.,Beutel,L.D.,DeLeon,C.
&Chico,S.2004.Intracavitaryplacementofautologouslymphokineactivatedkiller(LAK)cellsafterresection
ofrecurrentglioblastoma.Journalofimmunotherapy,27,398404.
Dillon,W.P.1991.Imagingofcentralnervoussystemtumors.Currentopinioninradiology,3,4650.
Ding,D.,Li,K.,Zhu,Z.,Pu,K.Y.,Hu,Y., Jiang,X.&Liu,B.2011.Conjugatedpolyelectrolytecisplatin
complexnanoparticlesforsimultaneousinvivoimaginganddrugtracking.Nanoscale,3,19972002.
Dooms,G.C.,Hecht, S.,BrantZawadzki,M.,Berthiaume,Y.,Norman,D.&Newton,T.H. 1986.Brain
radiationlesions:MRimaging.Radiology,158,14955.
Dubrow, R., Darefsky, A. S., Park, Y., Mayne, S. T., Moore, S. C., Kilfoy, B., Cross, A. J., Sinha, R.,
Hollenbeck,A.R., Schatzkin,A.&Ward,M.H. 2010.Dietary components related toNnitroso compound
formation:aprospectivestudyofadultglioma.Cancerepidemiology,biomarkers&prevention:apublicationofthe
AmericanAssociationforCancerResearch,cosponsoredbytheAmericanSocietyofPreventiveOncology,19,170922.
Ducray, F., Idbaih, A., Wang, X. W., Cheneau, C., Labussiere, M. & Sanson, M. 2011. Predictive and
prognosticfactorsforgliomas.Expertreviewofanticancertherapy,11,7819.
Ducry, L. & Stump, B. 2010. Antibodydrug conjugates: linking cytotoxic payloads to monoclonal
antibodies.Bioconjugatechemistry,21,513.
Dunbar, E. & Yachnis, A. T. 2010. Glioma diagnosis: immunohistochemistry and beyond. Advances in
anatomicpathology,17,187201.
Duncan,R.2003.Thedawningeraofpolymertherapeutics.Naturereviews.Drugdiscovery,2,34760.
Dziurzynski,K.,Wei,J.,Qiao,W.,Hatiboglu,M.A.,Kong,L.Y.,Wu,A.,Wang,Y.,Cahill,D.,Levine,N.,
Prabhu, S., Rao, G., Sawaya, R. and Heimberger, A.B. 2011. Gliomaassociated cytomegalovirus mediates
subversionofthemonocytelineagetoatumorpropagatingphenotype.ClinicalCancerResearch,17,46424649.
Dziurzynski,K,Chang,S.M.,Heimberger,A.B.,Kalejta,R.F.,McGregorDallas,S.R.,Smit,M.,Soroceanu,
L.,Cobbs,C.S.andHCMVandGliomasSymposium.2012.Consensusontheroleofhumancytomegalovirus
inglioblastoma.NeuroOncology,14,246255.
Ekstrand, A. J., Sugawa, N., James, C. D. & Collins, V. P. 1992. Amplified and rearranged epidermal
growthfactorreceptorgenesinhumanglioblastomasrevealdeletionsofsequencesencodingportionsofthe
N and/orCterminal tails.Proceedings of theNationalAcademy of Sciences of theUnited States ofAmerica, 89,
430913.
Eljamel,M. S. 2008. Brainphotodiagnosis (PD), fluorescenceguided resection (FGR) andphotodynamic
therapy(PDT):past,presentandfuture.Photodiagnosisandphotodynamictherapy,5,2935.
Eljamel,M.S.,Goodman,C.&Moseley,H.2008.ALAandPhotofrin fluorescenceguidedresectionand
repetitive PDT in glioblastomamultiforme: a single centre Phase III randomised controlled trial. Lasers in
medicalscience,23,3617.

74

Eljamel, S. 2010. Photodynamic applications in brain tumors: a comprehensive review of the literature.
Photodiagnosisandphotodynamictherapy,7,7685.
Elo,H.A.&Korpela, J. 1984. The occurrence andproduction of avidin: a new conception of the high
affinitybiotinbindingprotein.Comparativebiochemistryandphysiology.B,Comparativebiochemistry,78,1520.
Enders,J.F.,Bell,J.A.,Dingle,J.H.,Francis,T.,Jr.,Hilleman,M.R.,Huebner,R.J.&Payne,A.M.1956.
Adenoviruses:groupnameproposedfornewrespiratorytractviruses.Science,124,11920.
Epstein,F.H.,Mugler,J.P.,3rd,Cail,W.S.&Brookeman,J.R.1995.CSFsuppressedT2weightedthree
dimensionalMPRAGEMRimaging.Journalofmagneticresonanceimaging:JMRI,5,4639.
Esteller,M.,GarciaFoncillas, J., Andion, E., Goodman, S.N.,Hidalgo,O.F., Vanaclocha,V., Baylin, S.B.
AndHermanJ.G.2000.InactivationoftheDNArepairgeneMGMTandtheclinicalresponseofgliomasto
alkylatingagents.NewenglandJournalofMedicine,9,13501354.
Evans,D.G.,Ohara,C.,Wilding,A.,Ingham,S.L.,Howard,E.,Dawson,J.,Moran,A.,ScottKitching,V.,
Holt, F.&Huson, S.M. 2011.Mortality in neurofibromatosis 1: inNorthWest England: an assessment of
actuarialsurvivalinaregionoftheUKsince1989.Europeanjournalofhumangenetics:EJHG,19,118791.
Farson,D.,Witt,R.,Mcguinness,R.,Dull,T.,Kelly,M.,Song,J.,Radeke,R.,Bukovsky,A.,Consiglio,A.&
Naldini, L. 2001. A newgeneration stable inducible packaging cell line for lentiviral vectors.Human gene
therapy,12,98197.
Fellner,S.,Bauer,B.,Miller,D.S.,Schaffrik,M.,Fankhanel,M.,Spruss,T.,Bernhardt,G.,Graeff,C.,Farber,
L.,Gschaidmeier,H.,Buschauer,A.&Fricker,G.2002.Transportofpaclitaxel(Taxol)acrossthebloodbrain
barrierinvitroandinvivo.TheJournalofclinicalinvestigation,110,130918.
Figul,M.,Soling,A.,Dong,H.J.,Chou,T.C.&Rainov,N.G.2003.Combinedeffectsoftemozolomideand
the ribonucleotide reductase inhibitors didox and trimidox in malignant brain tumor cells. Cancer
chemotherapyandpharmacology,52,416.
Fink, J.,Born,D.&Chamberlain,M.C.2011.Pseudoprogression: relevancewith respect to treatmentof
highgradegliomas.Currenttreatmentoptionsinoncology,12,24052.
Finn,F.M.,Titus,G.&Hofmann,K.1984.Ligandsforinsulinreceptorisolation.Biochemistry,23,25548.
Folkman,J.1971.Tumorangiogenesis:therapeuticimplications.Newenglandjournalofmedicine,285,1182
1186.
Follenzi,A.&Naldini,L.2002.GenerationofHIV1derivedlentiviralvectors.Methodsinenzymology,346,
45465.
Follenzi,A., Santambrogio, L.&Annoni,A. 2007. Immune responses to lentiviral vectors.Current gene
therapy,7,30615.
Fonseca, C., Simoes, S. & Gaspar, R. 2002. Paclitaxelloaded PLGA nanoparticles: preparation,
physicochemicalcharacterizationandinvitroantitumoralactivity.Journalofcontrolledrelease:officialjournal
oftheControlledReleaseSociety,83,273286.
Frank,R.T.,Aboody,K.S.&Najbauer, J. 2011.Strategies forenhancingantibodydelivery to thebrain.
Biochimicaetbiophysicaacta,1816,1918.
Freed,E.O.a.M.,M.A.2001.HIVsandTheirReplication,Philadelphia,LippincottWilliams&Wilkins.
Freitas,C.a.M.,R.H.1998.Effectoflightandtemperatureonzetapotentialandphysicalstabilityinsolid
lipidnanoparticle(SLN)dispersions.Internationaljournalofpharmaceutics,168,221229.
Frolov, I.,Hoffman,T.A.,Pragai,B.M.,Dryga,S.A.,Huang,H.V.,Schlesinger,S.&Rice,C.M.1996.
Alphavirusbased expression vectors: strategies and applications. Proceedings of the National Academy of
SciencesoftheUnitedStatesofAmerica,93,113717.
Fujisawa,H.,Reis,R.M.,Nakamura,M.,Colella,S.,Yonekawa,Y.,Kleihues,P.&Ohgaki,H.2000.Lossof
heterozygosityonchromosome10ismoreextensiveinprimary(denovo)thaninsecondaryglioblastomas.
Laboratoryinvestigation;ajournaloftechnicalmethodsandpathology,80,6572.
Furtado, M. & Rule, S. 2012. Emerging Pharmacotherapy for Relapsed or Refractory Hodgkins
Lymphoma:FocusonBrentuximabVedotin.ClinicalMedicineInsights.Oncology,6,319.
Gahramanov,S.,Raslan,A.M.,Muldoon,L.L.,Hamilton,B.E.,Rooney,W.D.,Varallyay,C.G.,Njus,J.
M.,Haluska,M.&Neuwelt,E.A.2011.Potential fordifferentiationofpseudoprogression fromtrue tumor
progression with dynamic susceptibilityweighted contrastenhanced magnetic resonance imaging using
ferumoxytolvs.gadoteridol:apilotstudy.Internationaljournalofradiationoncology,biology,physics,79,51423.

75

Gao,G.P.,Yang,Y.&Wilson,J.M.1996.BiologyofadenovirusvectorswithE1andE4deletionsforliver
directedgenetherapy.Journalofvirology,70,893443.
Gao,X.,Kim,K.S.&Liu,D.2007.Nonviralgenedelivery:whatweknowandwhat isnext.TheAAPS
journal,9,E92104.
Gao,X.&Nie,S.2003.Molecularprofilingofsinglecellsandtissuespecimenswithquantumdots.Trends
inbiotechnology,21,3713.
Garber, K. 2006. China approves world’s first oncolytic virus therapy for cancer treatment. Journal of
nationalcancerinstitute,98,298300.
Gartner,L.P.a.H.,J.L.2006.ColorAtlasOfHistology,Baltimore,LippincottWilliams&Wilkins.
GeenitekniikkaAsetus928/2004.2004.
Geenitekniikkalaki377/1995.1995.
Geraerts,M.,Willems,S.,Baekelandt,V.,Debyser,Z.&Gijsbers,R.2006.Comparisonoflentiviralvector
titrationmethods.BMCbiotechnology,6,34.
Giese,A.&Westphal,M.1996.Glioma invasion in thecentralnervoussystem.Neurosurgery,39,23550;
discussion2502.
Gilbert,J.R.&WongStaal,F.2001.HIV2andSIVvectorsystems.Somaticcellandmoleculargenetics,26,83
98.
Godard,S.,Getz,G.,Delorenzi,M.,Farmer,P.,Kobayashi,H.,Desbaillets,I.,Nozaki,M.,Diserens,A.C.,
Hamou,M.F.,Dietrich,P.Y.,Regli,L., Janzer,R.C.,Bucher,P., Stupp,R.,DeTribolet,N.,Domany,E.&
Hegi,M. E. 2003. Classification of human astrocytic gliomas on the basis of gene expression: a correlated
groupofgeneswithangiogenicactivityemergesasastrongpredictorofsubtypes.Cancerresearch,63,661325.
Goff, S. P. 2001.Retroviridae: The Retroviruses and Their Replication, Philadelphia, LippincottWilliams&
Wilkins.
Golan, S. & Talmon, Y. 2012. Nanostructure of complexes between cationic lipids and an oppositely
chargedpolyelectrolyte.Langmuir:theACSjournalofsurfacesandcolloids,28,166872.
Goldenberg,D.M., Sharkey, R.M., Paganelli, G., Barbet, J.&Chatal, J. F. 2006.Antibody pretargeting
advancescancerradioimmunodetectionandradioimmunotherapy.Journalofclinicaloncology:officialjournalof
theAmericanSocietyofClinicalOncology,24,82334.
Gonin, P., Buchholz, C. J., Pallardy, M. & Mezzina, M. 2005. Gene therapy biosafety: scientific and
regulatoryissues.Humangenetherapy,12,S146S152.
Goodman,L.S.,Wintrobe,M.M.,Dameshek,W.,Goodman,M. J.,Gilman,A.&Mclennan,M.T.1984.
Landmark article Sept. 21, 1946: Nitrogen mustard therapy. Use of methylbis(betachloroethyl)amine
hydrochloride and tris(betachloroethyl)amine hydrochloride for Hodgkins disease, lymphosarcoma,
leukemia and certain allied and miscellaneous disorders. By Louis S. Goodman, Maxwell M. Wintrobe,
WilliamDameshek,MortonJ.Goodman,AlfredGilmanandMargaretT.McLennan.JAMA:thejournalofthe
AmericanMedicalAssociation,251,225561.
Goodwin,D.,Meares,C.,Diamanti,C.,Mccall,M.,Lai,C.,Torti,F.,Mctigue,M.&Martin,B.1984.Useof
specific antibody for rapid clearance of circulating blood background from radiolabeled tumor imaging
proteins.Europeanjournalofnuclearmedicine,9,20915.
Goodwin,D.A.&Meares,C.F.2001.Advancesinpretargetingbiotechnology.Biotechnologyadvances,19,
43550.
Goodwin, D. A., Meares, C. F., David, G. F., Mctigue, M., Mccall, M. J., Frincke, J. M., Stone, M. R.,
Bartholomew, R. M. & Leung, J. P. 1986a. Monoclonal antibodies as reversible equilibrium carriers of
radiopharmaceuticals.Internationaljournalofradiationapplicationsandinstrumentation.PartB,Nuclearmedicine
andbiology,13,38391.
Goodwin, D. A., Mears, C. F., Mctigue, M. & David, G. S. 1986b. Monoclonal antibody hapten
radiopharmaceuticaldelivery.Nuclearmedicinecommunications,7,56980.
Dordon, E.M. AndHall, F. L. 2010. RexinG, a targeted geneticmedicine for cancer.Expert opinion on
biologicaltherapy,10,819832.
Grana,C.,Chinol,M.,Robertson,C.,Mazzetta,C.,Bartolomei,M.,DeCicco,C.,Fiorenza,M.,Gatti,M.,
Caliceti, P. & Paganelli, G. 2002. Pretargeted adjuvant radioimmunotherapy with yttrium90biotin in
malignantgliomapatients:apilotstudy.Britishjournalofcancer,86,20712.

76

Gratton,S.E.,Ropp,P.A.,Pohlhaus,P.D.,Luft,J.C.,Madden,V.J.,Napier,M.E.&Desimone,J.M.2008.
Theeffectofparticledesignoncellularinternalizationpathways.ProceedingsoftheNationalAcademyofSciences
oftheUnitedStatesofAmerica,105,116138.
Green,N.,M.&Toms,E., J.1973Thepropertiesofsubunitsofavidincoupled tosepharose.Biochemical
journal,133,687700.
Green,N.M.1975.Avidin.Advancesinproteinchemistry,29,85133.
Green,N.M.1990.Avidinandstreptavidin.Methodsinenzymology,184,5167.
Gregg, E. C., Yau, T. M. & Kim, S. C. 1979. Effect of low dose rate radiation on cell growth kinetics.
Biophysicaljournal,28,8191.
Gridley,D. S.,Andres,M. L., Li, J., Timiryasova, T., Chen, B.& Fodor, I. 1998. Evaluation of radiation
effectsagainstC6gliomaincombinationwithvacciniavirusp53genetherapy.Internationaljournalofoncology,
13,10938.
Grosu,A.L., Feldmann,H.,Dick, S.,Dzewas, B.,Nieder,C.,Gumprecht,H., Frank,A., Schwaiger,M.,
Molls, M. & Weber, W. A. 2002. Implications of IMTSPECT for postoperative radiotherapy planning in
patientswithgliomas.Internationaljournalofradiationoncology,biology,physics,54,84254.
Guesdon, J. L., Ternynck, T. & Avrameas, S. 1979. The use of avidinbiotin interaction in
immunoenzymatic techniques. The journal of histochemistry and cytochemistry : official journal of the
HistochemistrySociety,27,11319.
Gupta, A. K. & Wells, S. 2004. Surfacemodified superparamagnetic nanoparticles for drug delivery:
preparation,characterization,andcytotoxicitystudies.IEEEtransactionsonnanobioscience,3,6673.
Gutin,P.H.,Prados,M.D.,Phillips,T.L.,Wara,W.M.,Larson,D.A.,Leibel,S.A.,Sneed,P.K.,Levin,V.
A.,Weaver,K.A.,Silver,P.&EtAl.1991.Externalirradiationfollowedbyaninterstitialhighactivityiodine
125implantboostintheinitialtreatmentofmalignantgliomas:NCOGstudy6G822.Internationaljournalof
radiationoncology,biology,physics,21,6016.
Guven,A.,Rusakova,I.A.,Lewis,M.T.&Wilson,L.J.2012.Cisplatin@UStubecarbonnanocapsulesfor
enhancedchemotherapeuticdelivery.Biomaterials,33,145561.
Hackett,N.R.a.C.,R.G.2004.AdenovirusVectorsforGeneTherapy,NewYork,MarcelDekkerInc.
Hagmann, P., Jonasson, L., Maeder, P., Thiran, J. P., Wedeen, V. J. & Meuli, R. 2006. Understanding
diffusionMR imaging techniques: from scalardiffusionweighted imaging todiffusion tensor imagingand
beyond.Radiographics:areviewpublicationoftheRadiologicalSocietyofNorthAmerica,Inc,26Suppl1,S20523.
Hao,M.&Maxfield, F. R. 2000. Characterization of rapidmembrane internalization and recycling.The
Journalofbiologicalchemistry,275,1527986.
Hardy, S., Kitamura, M., HarrisStansil, T., Dai, Y. & Phipps, M. L. 1997. Construction of adenovirus
vectorsthroughCreloxrecombination.Journalofvirology,71,18429.
Harms,W.,Weber,K.J.,Ehemann,V.,Zuna,I.,Debus,J.AndPeschke,P.2006.DifferentialeffectsofCLDR
and PDR brachytherapy on cell cycle progression in a syngeneic rat prostate tumourmodel. International
JournalofRadiationBiology,82,191196.
Harrison,A.,Walker,C.A.,Parker,D.,Jankowski,K.J.,Cox,J.P.,Craig,A.S.,Sansom,J.M.,Beeley,N.R.,
Boyce,R.A.,Chaplin,L.&EtAl. 1991.The invivo releaseof90Y fromcyclic andacyclic ligandantibody
conjugates.Internationaljournalofradiationapplicationsandinstrumentation.PartB,Nuclearmedicineandbiology,
18,46976.
Hartig,S.M.,Greene,R.R.,Dasgupta,J.,Carlesso,G.,Dikov,M.M.,Prokop,A.&Davidson,J.M.2007.
Multifunctionalnanoparticulatepolyelectrolytecomplexes.Pharmaceuticalresearch,24,235369.
Haseley,A.,AlvarezBreckenridge,C.,Chaudhury,A.R.andKaur,B. 2009.Advances inoncolyticvirus
therapyforglioma.RecentPatentsinCentralNervousSystemDrugDiscovery,4,113.
He,X.P.,Su,C.Q.,Wang,X.H.,Pan,X.,Tu,Z.X.,Gong,Y.F.,Gao,J.,Liao,Z.,Jin,J.,Wu,H.Y.,Man,X.
H.&Li,Z. S. 2009. E1B55kDdeletedoncolytic adenovirus armedwith canstatin geneyields an enhanced
antitumorefficacyonpancreaticcancer.Cancerletters,285,8998.
Hegi,M.E.,Diserens,A.C.,Gorlia,T.,Hamou,M.F.,DeTripolet,N.,Weller,M.,Kros, J.M.,Hainfellner,
J.A., Mason, W., Mariani, L., Bromberg, J.E. Hau, P., Mirimanoff, R.O., Cairncross, J.G., Janzer, R.C And
Stupp,R.2005.MGMTgenesilencingandbenefitfromtemozolomideinglioblastoma.NewEnglandJournalof
Medicine,9971003.

77

Hegi, M.E. Liu, L., Herman, J.G., Stupp, R., Wick, W., Weller, M., Mehta, M.P. And Gilbert, M.R.
CorrelationofofO6methylguaninemethyltransferase(MGMT)promotermethylationwithclonicaloutcomes
inglioblastomaandclinicalstrategiestomodulateMGMTactivity.JournalofClinicalOncology,26,41894199.
Hemminki,K.,Kyyronen,P.&Vaittinen,P.1999.Parentalageasariskfactorofchildhoodleukemiaand
braincancerinoffspring.Epidemiology,10,2715.
Hendrickson,W.A., Pähler,A., Smith, J.L., Satow,Y.,Merritt, E.A. and Phizackerley,R.P. 1989.Crystal
structure of core streptavidin determined from multiwavelength anomalous diffraction of synchrotron
radiation.ProceedinsoftheNationalAcademyofSciencesUnitesStatesofAmerica,86,21902194.
Hendrikse,N.H.,Franssen,E.J.,VanDerGraaf,W.T.,Vaalburg,W.&DeVries,E.G.1999.Visualization
ofmultidrugresistanceinvivo.Europeanjournalofnuclearmedicine,26,28393.
Hentschel,S.J.&Lang,F.F.2003.Currentsurgicalmanagementofglioblastoma.Cancerjournal,9,11325.
Hochberg,F.H.&Pruitt,A.1980.Assumptionsintheradiotherapyofglioblastoma.Neurology,30,90711.
Hodi,F.S.,O’Day,S.J.,McDermott,D.F.,Weber,R.W.,Sosman,J.A.,Haanen,J.B.,Gonzales,R.,Robert,C.,
Schadendorf, D., Hassel, J.C., Akerley, W., van den Eertwegh, A.J., Lutzky, J., Lorigan, P., Vaubel, J.M.,
Linette,G.P.,Hogg,D.,Ottensmeier,C.H.,Lebbe,C.,Peschel,C.,Quirt, I.,Clark, J.I.,Wolchok,J.D.,Weber,
J.S.,Tian,J.,Yellin,M.J.,Nichol,G.M.,Hoos,A.andUrba,W.J.2010.Improvedsurvivalwithipilimumabin
patientswithmetastaticmelanoma,NewEnglandJournalofMedicine,363,711723.
Holick,C.N.,Giovannucci,E.L.,Rosner,B.,Stampfer,M.J.&Michaud,D.S.2007.Prospectivestudyof
intake of fruit, vegetables, and carotenoids and the risk of adult glioma. The American journal of clinical
nutrition,85,87786.
Huang,H. S.,Nagane,M.,Klingbeil,C.K., Lin,H.,Nishikawa,R., Ji, X.D.,Huang,C.M.,Gill,G.N.,
Wiley,H.S.&Cavenee,W.K.1997.Theenhancedtumorigenicactivityofamutantepidermalgrowthfactor
receptorcommoninhumancancersismediatedbythresholdlevelsofconstitutivetyrosinephosphorylation
andunattenuatedsignaling.TheJournalofbiologicalchemistry,272,292735.
Huang,T.T.,Sarkaria,S.M.,Cloughesy,T.F.&Mischel,P.S.2009.Targetedtherapyformalignantglioma
patients: lessons learned and the road ahead. Neurotherapeutics : the journal of the American Society for
ExperimentalNeuroTherapeutics,6,50012.
Hussain,S.F.&Heimberger,A.B.2005.Immunotherapyforhumanglioma:innovativeapproachesand
recentresults.Expertreviewofanticancertherapy,5,77790.
Hunter,G.A.&Ferreira,G.C.2011.Molecularenzymologyof5aminolevulinatesynthase,thegatekeeper
ofhemebiosynthesis.Biochimicaetbiophysicaacta,11,14671673.
Hytonen,V.P.,Laitinen,O.H.,Grapputo,A.,Kettunen,A.,Savolainen,J.,Kalkkinen,N.,Marttila,A.T.,
Nordlund,H.R.,Nyholm,T.K.,Paganelli,G.&Kulomaa,M.S.2003.Characterizationofpoultryeggwhite
avidinsandtheirpotentialasatoolinpretargetingcancertreatment.TheBiochemicaljournal,372,21925.
Hytonen,V.P.,Nordlund,H.R.,Horha,J.,Nyholm,T.K.,Hyre,D.E.,Kulomaa,T.,Porkka,E.J.,Marttila,
A.T.,Stayton,P.S.,Laitinen,O.H.&Kulomaa,M.S.2005.Dualaffinityavidinmolecules.Proteins,61,597
607.
Iarc19722012.IARCmonographs,Lyon.
Iarc2011.IARCclassifiesradiofrequencyelectromagneticfieldsaspossiblycarcinogenictohumans.
Immonen, A., Vapalahti, M., Tyynela, K., Hurskainen, H., Sandmair, A., Vanninen, R., Langford, G.,
Murray, N. & YlaHerttuala, S. 2004. AdvHSVtk gene therapy with intravenous ganciclovir improves
survival in humanmalignant glioma: a randomised, controlled study.Molecular therapy : the journal of the
AmericanSocietyofGeneTherapy,10,96772.
Imperiale,M.J.&Kochanek,S.2004.Adenovirusvectors:biology,design,andproduction.Currenttopics
inmicrobiologyandimmunology,273,33557.
Isobe,T.,Matsumura,A.,Anno,I.,Yoshizawa,T.,Nagatomo,Y.,Itai,Y.&Nose,T.2002.Quantificationof
cerebralmetabolites in glioma patientswith protonMR spectroscopy using T2 relaxation time correction.
Magneticresonanceimaging,20,3439.
Ito,A.,Shinkai,M.,Honda,H.,Yoshikawa,K.,Saga,S.,Wakabayashi,T.,Yoshida,J.&Kobayashi,T.2003.
Heat shock protein 70 expression induces antitumor immunity during intracellular hyperthermia using
magnetitenanoparticles.Cancerimmunology,immunotherapy:CII,52,808.

78

Ito, M., Hiramatsu, H., Kobayashi, K., Suzue, K., Kawahata, M., Hioki, K., Ueyama, Y., Koyanagi, Y.,
Sugamura, K., Tsuji, K., Heike, T. & Nakahata, T. 2002. NOD/SCID/gamma(c)(null) mouse: an excellent
recipientmousemodelforengraftmentofhumancells.Blood,100,317582.
Iwami,K.,Natsume,A.&Wakabayashi,T.2010.Genetherapyforhighgradeglioma.Neurologiamedico
chirurgica,50,72736.
Jackson,R.J.,Fuller,G.N.,AbiSaid,D.,Lang,F.F.,Gokaslan,Z.L.,Shi,W.M.,Wildrick,D.M.&Sawaya,
R.2001.Limitationsofstereotacticbiopsyintheinitialmanagementofgliomas.Neurooncology,3,193200.
Jacobs,A.H.,Thomas,A.,Kracht,L.W.,Li,H.,Dittmar,C.,Garlip,G.,Galldiks,N.,Klein,J.C.,Sobesky,J.,
Hilker, R., Vollmar, S., Herholz, K.,Wienhard, K. & Heiss,W. D. 2005. 18FfluoroLthymidine and 11C
methylmethionine as markers of increased transport and proliferation in brain tumors. Journal of nuclear
medicine:officialpublication,SocietyofNuclearMedicine,46,194858.
Jahagirdar,P.B.,Eeraveni,R.,Ponnuraj,S.&Kamarthi,N.2011.Tuberoussclerosis:anovelapproachto
diagnosis.JournaloftheIndianSocietyofPedodonticsandPreventiveDentistry,29,S525.
Joensuu,H., Kankaanranta, L., Tenhunen,M.And Saarilahti, K. 2011. Boorineutronisädehoitoa (BNCT)
syöpään.Duodecim;laaketieteellinenaikakauskirja,127,16971703.
Jordan,A., Scholz,R.,Wust,P., Fahling,H.,Krause, J.,Wlodarczyk,W., Sander,B.,Vogl,T.&Felix,R.
1997.Effectsofmagneticfluidhyperthermia(MFH)onC3Hmammarycarcinomainvivo.Internationaljournal
ofhyperthermia : theofficial journalofEuropeanSociety forHyperthermicOncology,NorthAmericanHyperthermia
Group,13,587605.
Jordan,A.,Wust,P.,Scholz,R.,Tesche,B.,Fahling,H.,Mitrovics,T.,Vogl,T.,CervosNavarro,J.&Felix,
R.1996.Cellularuptakeofmagneticfluidparticlesandtheireffectsonhumanadenocarcinomacellsexposed
toACmagnetic fields invitro. International journal of hyperthermia : the official journal ofEuropeanSociety for
HyperthermicOncology,NorthAmericanHyperthermiaGroup,12,70522.
Kamijo,T.,Weber,J.D.,Zambetti,G.,Zindy,F.,Roussel,M.F.&Sherr,C.J.1998.Functionalandphysical
interactionsoftheARFtumorsuppressorwithp53andMdm2.ProceedingsoftheNationalAcademyofSciences
oftheUnitedStatesofAmerica,95,82927.
Kaikkonen,M.U.,Lesch,H.P.,Pikkarainen,J.,Räty,J.K.,Vuorio,T.,Huhtala,T.,Taavitsainen,M.,Laitinen,
T.,Tuunanen,P.,Gröhn,O.,Närvänen,A.,Airenne,K.J.andYläHerttuala,S.2009.(Strept)avidindisplaying
lentivirusesasversatiletoolsfortargetinganddualimagingofgenedelivery.HumanGeneTherapy,16,894
904.
Kankaanranta, L., Seppala, T.,Koivunoro,H.,Valimaki, P., Beule,A.,Collan, J.,Kortesniemi,M.,Uusi
Simola,J.,Kotiluoto,P.,Auterinen,I.,Seren,T.,Paetau,A.,Saarilahti,K.,Savolainen,S.&Joensuu,H.2011.L
boronophenylalaninemediated boron neutron capture therapy for malignant glioma progressing after
externalbeamradiationtherapy:aPhaseIstudy.Internationaljournalofradiationoncology,biology,physics,80,
36976.
Kaplan,M.R.,Calef,E.,Bercovici,T.&Gitler,C.1983.Theselectivedetectionofcellsurfacedeterminants
bymeansofantibodiesandacetylatedavidinattachedtohighlyfluorescentpolymermicrospheres.Biochimica
etbiophysicaacta,728,11220.
Kappel,A.,Ronicke,V.,Damert,A.,Flamme,I.,Risau,W.AndBreier,G.1999.Identificationofvascular
endothelial growth factor (VEGF) receptor2 (Flk1) promoter/enhancer sequences sufficient for angioblast
andendothelialcellspecifictranscriptionintransgenicmice.Blood,93,42844292.
Kataoka, K., Harada, A. & Nagasaki, Y. 2001. Block copolymer micelles for drug delivery: design,
characterizationandbiologicalsignificance.Advanceddrugdeliveryreviews,47,11331.
Kievit, F.M. & Zhang,M. 2011. Cancer nanotheranostics: improving imaging and therapy by targeted
deliveryacrossbiologicalbarriers.Advancedmaterials,23,H21747.
Kim,J.andDang,C.V.2006.Cancersmolecularsweettoothandthewarburgeffect.CancerResearch,66,
89278930.
Kirkwood,P.A.&Sears,T.A.1976.Proceedings:Theaveragecommonexcitation(ACE)potentialandits
significance.TheJournalofphysiology,259,36P37P.
Klasner,B.D.,Krause,B.J.,Beer,A.J.&Drzezga,A.2010.PETimagingofgliomasusingnoveltracers:a
sleepingbeautywaitingtobekissed.Expertreviewofanticancertherapy,10,60913.
Kleihues, P., Soylemezoglu, F., Schauble, B., Scheithauer, B. W. & Burger, P. C. 1995. Histopathology,
classification,andgradingofgliomas.Glia,15,21121.

79

Klibanov,A.L.,Martynov,A.V.,Slinkin,M.A.,Sakharov,I.,Smirnov,M.D.,Muzykantov,V.R.,Danilov,
S.M.&Torchilin,V.P.1988.Bloodclearanceofradiolabeledantibody:enhancementbylactosaminationand
treatment with biotinavidin or antimouse IgG antibodies. Journal of nuclear medicine : official publication,
SocietyofNuclearMedicine,29,19516.
Klibanov, A. L., Maruyama, K., Beckerleg, A. M., Torchilin, V. P. & Huang, L. 1991. Activity of
amphipathicpoly(ethyleneglycol)5000toprolongthecirculationtimeofliposomesdependsontheliposome
sizeandisunfavorableforimmunoliposomebindingtotarget.Biochimicaetbiophysicaacta,1062,1428.
Knobbe,C.B.,Merlo,A.&Reifenberger,G.2002.Ptensignalingingliomas.Neurooncology,4,196211.
Knowles, J.R.1989.Themechanismofbiotindependentenzymes.Annualreviewofbiochemistry,58,195
221.
Knowles, M. a. a. S., B. 2005. Introduction to cellular and molecular biology of cancer,New York, Oxford
UniversityPressInc.
Knox,S.J.,Goris,M.L.,Tempero,M.,Weiden,P.L.,Gentner,L.,Breitz,H.,Adams,G.P.,Axworthy,D.,
Gaffigan,S.,Bryan,K.,Fisher,D.R.,Colcher,D.,Horak,I.D.&Weiner,L.M.2000.PhaseIItrialofyttrium
90DOTAbiotin pretargeted by NRLU10 antibody/streptavidin in patients with metastatic colon cancer.
Clinicalcancerresearch:anofficialjournaloftheAmericanAssociationforCancerResearch,6,40614.
Ko,L.,Koestner,A.&Wechsler,W.1980.Morphologicalcharacterizationofnitrosoureainducedglioma
celllinesandclones.Actaneuropathologica,51,2331.
Kobayashi, T. 2011. Cancer hypothermia using magnetic nanoparticles. Biotechnologyl Journal, 11, 1342
1347.
Kohler, G. & Milstein, C. 1975. Continuous cultures of fused cells secreting antibody of predefined
specificity.Nature,256,4957.
Kreisl, T.N.,Kim,L.,Moore,K.,Duic, P.,Royce,C., Stroud, I.,Garren,N.,Mackey,M.,Butman, J.A.,
Camphausen,K.,Park,J.,Albert,P.S.&Fine,H.A.2009.PhaseIItrialofsingleagentbevacizumabfollowed
bybevacizumabplus irinotecanat tumorprogression in recurrentglioblastoma. Journal of clinical oncology :
officialjournaloftheAmericanSocietyofClinicalOncology,27,7405.
Kruse,C.A.,Molleston,M.C.,Parks,E.P.,Schiltz,P.M.,KleinschmidtDemasters,B.K.&Hickey,W.F.
1994. A rat glioma model, CNS1, with invasive characteristics similar to those of human gliomas: a
comparisonto9Lgliosarcoma.Journalofneurooncology,22,191200.
Kuesel,A.C.,Sutherland,G.R.,Halliday,W.&Smith, I.C.1994.1HMRSofhighgradeastrocytomas:
mobilelipidaccumulationinnecrotictissue.NMRinbiomedicine,7,14955.
Kuo, W. S., Chang, Y. T., Cho, K. C., Chiu, K. C., Lien, C. H., Yeh, C. S. & Chen, S. J. 2012. Gold
nanomaterials conjugated with indocyanine green for dualmodality photodynamic and photothermal
therapy.Biomaterials,33,32708.
Kurihara,A.&Pardridge,W.M.1999.Imagingbraintumorsbytargetingpeptideradiopharmaceuticals
throughthebloodbrainbarrier.Cancerresearch,59,615963.
Laerum,O.D.,Rajewsky,M.F.,Schachner,M.,Stavrou,D.,Haglid,K.G.&Haugen,A.1977.Phenotypic
properties of neoplastic cell lines developed from fetal rat brain cells in culture after exposure to
ethylnitrosourea in vivo. Zeitschrift fur Krebsforschung und klinische Onkologie. Cancer research and clinical
oncology,89,27395.
Laitinen,O.H.,Airenne,K.J.,Marttila,A.T.,Kulik,T.,Porkka,E.,Bayer,E.A.,Wilchek,M.&Kulomaa,
M.S.1999.Mutationofacriticaltryptophantolysineinavidinorstreptavidinmayexplainwhyseaurchin
fibropellinadoptsanavidinlikedomain.FEBSletters,461,528.
Laitinen,O.H.,Hytonen,V.P.,Nordlund,H.R.&Kulomaa,M.S.2006.Geneticallyengineeredavidins
andstreptavidins.Cellularandmolecularlifesciences:CMLS,63,29923017.
Laitinen,O.H.,Marttila,A.T.,Airenne,K.J.,Kulik,T.,Livnah,O.,Bayer,E.A.,Wilchek,M.&Kulomaa,
M.S.2001.Biotininducestetramerizationofarecombinantmonomericavidin.Amodelforproteinprotein
interactions.TheJournalofbiologicalchemistry,276,821924.
Laitinen,O.H.,Nordlund,H. R.,Hytonen, V. P.&Kulomaa,M. S. 2007. Brave new (strept)avidins in
biotechnology.Trendsinbiotechnology,25,26977.
Langen,K.J.,Muhlensiepen,H.,Holschbach,M.,Hautzel,H.,Jansen,P.&Coenen,H.H.2000.Transport
mechanisms of 3[123I]iodoalphamethylLtyrosine in a human glioma cell line: comparison with
[3H]methyl]Lmethionine.Journalofnuclearmedicine:officialpublication,SocietyofNuclearMedicine,41,12505.

80

Langer,R.1998.Drugdeliveryandtargeting.Nature,392,510.
Laperriere,N.,Zuraw,L.&Cairncross,G.2002.Radiotherapyfornewlydiagnosedmalignantgliomain
adults:asystematicreview.Radiotherapyandoncology:journaloftheEuropeanSocietyforTherapeuticRadiology
andOncology,64,25973.
Larjavaara,S.,Mantyla,R.,Salminen,T.,Haapasalo,H.,Raitanen,J.,Jaaskelainen,J.&Auvinen,A.2007.
Incidenceofgliomasbyanatomiclocation.Neurooncology,9,31925.
Lau,Y.K.,Murray,L.B.,Houshmandi,S.S.,Xu,Y.,Gutmann,D.H.&Yu,Q.2008.Merlin isapotent
inhibitorofgliomagrowth.Cancerresearch,68,573342.
Lawler,S.E.,Peruzzi,P.P.&Chiocca,E.A.2006.Geneticstrategiesforbraintumortherapy.Cancergene
therapy,13,22533.
Lebrun, C., Olschwang, S., Jeannin, S., Vandenbos, F., Sobol, H. & Frenay, M. 2007. Turcot syndrome
confirmedwithmolecularanalysis.Europeanjournalofneurology:theofficialjournaloftheEuropeanFederationof
NeurologicalSocieties,14,4702.
Lee, C. C., Mackay, J. A., Frechet, J. M. & Szoka, F. C. 2005. Designing dendrimers for biological
applications.Naturebiotechnology,23,151726.
Lee,K. S.&ElSayed,M.A. 2006.Gold and silver nanoparticles in sensing and imaging: sensitivity of
plasmonresponsetosize,shape,andmetalcomposition.Thejournalofphysicalchemistry.B,110,192205.
Lee,S.W.,Fraass,B.A.,Marsh,L.H.,Herbort,K.,Gebarski,S.S.,Martel,M.K.,Radany,E.H.,Lichter,A.
S.&Sandler,H.M.1999.Patternsoffailurefollowinghighdose3Dconformalradiotherapyforhighgrade
astrocytomas:aquantitativedosimetricstudy.Internationaljournalofradiationoncology,biology,physics,43,79
88.
Lee,Y.,Lee,J.S.,Kim,C.M.,Jeong,J.Y.,Choi,J.I.&Kim,M.J.2008.Areaofparadoxicalsignaldropafter
theadministrationofsuperparamagneticironoxideontheT2weightedimageofapatientwithlymphangitic
metastasisoftheliver.Magneticresonanceimaging,26,57782.
Lehtolainen, P., Taskinen, A., Laukkanen, J., Airenne, K. J., Heino, S., Lappalainen, M., Ojala, K.,
Marjomaki, V., Martin, J. F., Kulomaa, M. S. & YlaHerttuala, S. 2002. Cloning and characterization of
Scavidin,afusionproteinforthetargeteddeliveryofbiotinylatedmolecules.TheJournalofbiologicalchemistry,
277,854550.
Lehtolainen,P.,Wirth,T.,Taskinen,A.K.,Lehenkari,P.,Leppanen,O.,Lappalainen,M.,Pulkkanen,K.,
Marttila,A.,Marjomaki,V.,Airenne,K.J.,Horton,M.,Kulomaa,M.S.&YlaHerttuala,S.2003.Targetingof
biotinylated compounds to its target tissue using a lowdensity lipoprotein receptoravidin fusion protein.
Genetherapy,10,20907.
Leitner,W.W.,Hwang,L.N.,Deveer,M.J.,Zhou,A.,Silverman,R.H.,Williams,B.R.,Dubensky,T.W.,
Ying,H.&Restifo,N.P.2003.AlphavirusbasedDNAvaccinebreaksimmunologicaltolerancebyactivating
innateantiviralpathways.Naturemedicine,9,339.
Lesch, H. P., Pikkarainen, J. T., Kaikkonen, M. U., Taavitsainen, M., Samaranayake, H., Lehtolainen
Dalkilic,P.,Vuorio,T.,Maatta,A.M.,Wirth,T.,Airenne,K.J.&YlaHerttuala,S.2009.Avidinfusionprotein
expressinglentiviralvectorfortargeteddrugdelivery.Humangenetherapy,20,87182.
Lesch,H.P.,Makkonen,K.E.,Laitinen,A.,Määttä,A.M.,Närvänen,O.,Airenne,K.J.&YläHerttuala,
S.2011.Requirementsforbaculovirusesforclinicalgenetherapyapplications.Journalofinvertebratepathology,
107,S106S112.
Li,Y.M.&Hall,W.A.2010.Targetedtoxinsinbraintumortherapy.Toxins,2,264562.
Liebmann,J.,Cook,J.A.,Teague,D.,Fisher,J.&MitchellJ.B.1994.Cycloheximideinhibitsthecytotoxicity
ofpaclitaxel(Taxol).Anticancerdrugs,5,287292.
Liljestrom,P.&Garoff,H.1991.AnewgenerationofanimalcellexpressionvectorsbasedontheSemliki
Forestvirusreplicon.Bio/technology,9,135661.
Liu,H.,Dow,E.C.,Arora,R.,Kimata,J.T.,Bull,L.M.,Arduino,R.C.&Rice,A.P.2006.Integrationof
human immunodeficiency virus type 1 in untreated infection occurs preferentiallywithin genes. Journal of
virology,80,77658.
Liu,H.S., Jan,M.S.,Chou,C.K.,Chen,P.H.&Ke,N. J.1999. Isgreenfluorescentprotein toxic to the
livingcells?Biochemicalandbiophysicalresearchcommunications,260,7127.
Liu,Q.,Li,R.T.,Qian,H.Q.,Yang,M.,Zhu,Z.S.,Wu,W.,Qian,X.P.,Yu,L.X.,Jiang,X.Q.&Liu,B.R.
2012.Gelatinasestimuli strategy enhances the tumor delivery and therapeutic efficacy of docetaxelloaded

81

poly(ethyleneglycol)poly(varepsiloncaprolactone)nanoparticles.Internationaljournalofnanomedicine,7,281
95.
Livnah,O.,Bayer,E.A.,Wilchek,M.andSussman,J.L.1993.Threedimensionalstructuresofavidinand
theacidinbiotincomplex.ProceedinsoftheNationalAcademyofSciencesUnitesStatesofAmerica,90,50765080.
Lonser,R.R.,Walbridge,S.,Vortmeyer,A.O.,Pack,S.D.,Nguyen,T.T.,Gogate,N.,Olson,J.J.,Akbasak,
A., Bobo, R.H., Goffman, T., Zhuang, Z.&Oldfield, E.H. 2002. Induction of glioblastomamultiforme in
nonhuman primates after therapeutic doses of fractionated wholebrain radiation therapy. Journal of
neurosurgery,97,137889.
Lopez,S.,Yao,J.S.,Kuhn,R.J.,Strauss,E.G.&Strauss,J.H.1994.Nucleocapsidglycoproteininteractions
requiredforassemblyofalphaviruses.Journalofvirology,68,131623.
Louis,D.N.2007.WHOclassificationoftumoursofhtecentralnervoussystem.Lyons:IARC.
Louis,D.N.,Ohgaki,H.,Wiestler,O.D.,Cavenee,W.K.,Burger,P.C.,Jouvet,A.,Scheithauer,B.W.&
Kleihues, P. 2007. The 2007 WHO classification of tumours of the central nervous system. Acta
neuropathologica,114,97109.
Lu, X., Gao,H., Li, C., Yang, Y.W.,Wang, Y., Fan, Y.,Wu,G.&Ma, J. 2012. Polyelectrolyte complex
nanoparticlesofaminopoly(glycerolmethacrylate)sandinsulin.Internationaljournalofpharmaceutics,423,195
201.
Luers,A. J.,Adams, S.D., Smalley, J.V.&Campanella, J. J. 2005.Aphylogenomic study of the genus
Alphavirusemployingwholegenomecomparison.Comparativeandfunctionalgenomics,6,21727.
Lundberg, C., Björklund, T., Carlsson, T., Jakobsson, J., Hantraye, P., Déglon, N. & Kirik, D. 2008.
Applicationsoflentiviralvectorsforbiologyandgenetherapyofneurologicaldisorders.Currentgenetherapy,
8,461473.
Lääkelaki395/1987.1987.
Maatta, A.M.,Makinen, K., Ketola, A., Liimatainen, T., Yongabi, F. N., VahaKoskela,M., Pirinen, R.,
Rautsi, O., Pellinen, R., Hinkkanen, A. & Wahlfors, J. 2008. Replication competent Semliki Forest virus
prolongssurvivalinexperimentallungcancer.Internationaljournalofcancer.Journalinternationalducancer,123,
170411.
Maeda,H.2001.Theenhancedpermeabilityandretention(EPR)effectintumorvasculature:thekeyrole
oftumorselectivemacromoleculardrugtargeting.Advancesinenzymeregulation,41,189207.
Maehama, T. & Dixon, J. E. 1998. The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid
secondmessenger,phosphatidylinositol3,4,5trisphosphate.TheJournalofbiologicalchemistry,273,133758.
Magnani,P.,Fazio,F.,Grana,C.,Songini,C.,Frigerio,L.,Pecorelli,S.,Mangili,G.,Colombo,N.,Mariani,
C.D.&Paganelli,G.2000.Diagnosisofpersistentovariancarcinomawith threestep immunoscintigraphy.
Britishjournalofcancer,82,61620.
MaierHauff,K.,Ulrich,F.,Nestler,D.,Niehoff,H.,Wust,P.,Thiesen,B.,Orawa,H.,Budach,V.&Jordan,
A.2011.Efficacyandsafetyofintratumoralthermotherapyusingmagneticironoxidenanoparticlescombined
with external beam radiotherapy on patients with recurrent glioblastoma multiforme. Journal of neuro
oncology,103,31724.
Malam,Y.,Loizidou,M.&Seifalian,A.M.2009.Liposomesandnanoparticles:nanosizedvehiclesfordrug
deliveryincancer.Trendsinpharmacologicalsciences,30,5929.
Malmer,B.,Gronberg,H.,Bergenheim,A.T.,Lenner,P.&Henriksson,R.1999.Familialaggregationof
astrocytoma in northern Sweden: an epidemiological cohort study. International journal of cancer. Journal
internationalducancer,81,36670.
Malmer, B., Iselius, L., Holmberg, E., Collins, A., Henriksson, R. & Gronberg, H. 2001. Genetic
epidemiologyofglioma.Britishjournalofcancer,84,42934.
Martensson,L.,Wang,Z.,Nilsson,R.,Ohlsson,T.,Senter,P.,Sjogren,H.O.,Strand,S.E.&Tennvall, J.
2005.DeterminingmaximaltolerabledoseofthemonoclonalantibodyBR96labeledwith90Yor177Luinrats:
establishmentofasyngeneictumormodeltoevaluatemeanstoimproveradioimmunotherapy.Clinicalcancer
research:anofficialjournaloftheAmericanAssociationforCancerResearch,11,7104s7108s.
Martin,O.&Avérous,L.2001.Poly(lacticacid):plasticizationandpropertiesofbiodegradablemultiphase
systems.Polymer,42,62096219.
Martuza, R. L.,Malick,A.,Markert, J.M., Ruffner,K. L.&Coen,D.M. 1991. Experimental therapy of
humangliomabymeansofageneticallyengineeredvirusmutant.Science,252,8546.

82

Marumoto,T.,Tashiro,A.,FriedmannMorvinski,D.,Scadeng,M.,Soda,Y.,Gage,F.H.&Verma, I.M.
2009.Developmentofanovelmousegliomamodelusinglentiviralvectors.Naturemedicine,15,1106.
Massoud,T.F.&Gambhir,S.S.2003.Molecularimaginginlivingsubjects:seeingfundamentalbiological
processesinanewlight.Genes&development,17,54580.
Mathieu,D.,Lecomte,R.,Tsanaclis,A.M.,Larouche,A.&Fortin,D.2007.Standardizationanddetailed
characterization of the syngeneic Fischer/F98 gliomamodel.The Canadian journal of neurological sciences. Le
journalcanadiendessciencesneurologiques,34,296306.
Matsumura, Y. & Maeda, H. 1986. A new concept for macromolecular therapeutics in cancer
chemotherapy:mechanismoftumoritropicaccumulationofproteinsandtheantitumoragentsmancs.Cancer
research,46,638792.
Maublant, J. C., Zhang, Z., Rapp, M., Ollier, M., Michelot, J. & Veyre, A. 1993. In vitro uptake of
technetium99mteboroxime in carcinoma cell lines and normal cells: comparison with technetium99m
sestamibiandthallium201.Journalofnuclearmedicine:officialpublication,SocietyofNuclearMedicine,34,1949
52.
Mearadji,A.,Breeman,W.,Hofland,L.,VanKoetsveld,P.,Marquet,R.,Jeekel,J.,Krenning,E.&VanEijck,
C.2002.Somatostatinreceptorgenetherapycombinedwithtargetedtherapywithradiolabeledoctreotide:a
newtreatmentforlivermetastases.Annalsofsurgery,236,7228;discussion7289.
Mecklenburg,L.,Tychsen,B.&Paus,R.2005.Learning fromnudity: lessons from thenudephenotype.
Experimentaldermatology,14,797810.
MehierHumbert,S.&Guy,R.H.2005.Physicalmethodsforgenetransfer:improvingthekineticsofgene
deliveryintocells.Advanceddrugdeliveryreviews,57,73353.
Mellinghoff,I.K.,Wang,M.Y.,Vivanco,I.,HaasKogan,D.A.,Zhu,S.,Dia,E.Q.,Lu,K.V.,Yoshimoto,
K.,Huang,J.H.,Chute,D.J.,Riggs,B.L.,Horvath,S.,Liau,L.M.,Cavenee,W.K.,Rao,P.N.,Beroukhim,R.,
Peck,T.C.,Lee,J.C.,Sellers,W.R.,Stokoe,D.,Prados,M.,Cloughesy,T.F.,Sawyers,C.L.&Mischel,P.S.
2005.Moleculardeterminantsof the responseofglioblastomas toEGFRkinase inhibitors.TheNewEngland
journalofmedicine,353,201224.
Mesnil,M.&Yamasaki,H. 2000. Bystander effect in herpes simplex virusthymidine kinase/ganciclovir
cancergenetherapy:roleofgapjunctionalintercellularcommunication.Cancerresearch,60,398999.
Mey,U.,Hitz,F.,Lohri,A.,Pederiva,S.,Taverna,C.,Tzankov,A.,Meier,O.,Yeow,K.&Renner,C.2012.
DiagnosisandtreatmentofdiffuselargeBcelllymphoma.Swissmedicalweekly,142,0.
Miller,L.K.1997.TheBaculoviruses,NewYork,PlenumPress.
Miura,F.K.,Alves,M.J.,Rocha,M.C.,Silva,R.S.,ObaShinjo,S.M.,Uno,M.,Colin,C.,Sogayar,M.C.&
Marie,S.K.2008.ExperimentalnodelofC6braintumorsinathymicrats.Arquivosdeneuropsiquiatria,66,238
41.
Miyoshi, H., Blömer, U., Takahashi, M., Gage, F. H. & Verma, I. M. 1998. Development of a self
inactivatinglentivirusvector.Journalofvirology,72,81508157.
Mock,D.M.1996.Biotin,WashingtonD.C.,ILSIpress.
Mok, H., Bae, K. H., Ahn, C. H. & Park, T. G. 2009. PEGylated andMMP2 specifically dePEGylated
quantumdots:comparativeevaluationofcellularuptake.Langmuir:theACSjournalofsurfacesandcolloids,25,
164550.
Momand,J.,Zambetti,G.P.,Olson,D.C.,George,D.&Levine,A.J.1992.Themdm2oncogeneproduct
formsacomplexwiththep53proteinandinhibitsp53mediatedtransactivation.Cell,69,123745.
Mortellaro, A., Hernandez, R. J., Guerrini, M. M., Carlucci, F., Tabucchi, A., Ponzoni, M., Sanvito, F.,
Doglioni,C.,DiSerio,C.,Biasco,L.,Follenzi,A.,Naldini,L.,Bordignon,C.,Roncarolo,M.G.&Aiuti,A.2006.
Exvivogenetherapywithlentiviralvectorsrescuesadenosinedeaminase(ADA)deficientmiceandcorrects
theirimmuneandmetabolicdefects.Blood,108,29792988.
Moss,B.2001.Poxviridae:TheVirusesandTheirReplication,Philadelphia,LippincottWilliams&Wilkins.
Myc,L.A.,Gamian,A.&Myc,A.2011.Cancervaccines.Anyfuture?Archivumimmunologiaeet therapiae
experimentalis,59,24959.
Nakamura,M.,Shimada,K., Ishida,E.,Nakase,H.&Konishi,N.2007.Genetic analysis to complement
histopathologicaldiagnosisofbraintumors.Histologyandhistopathology,22,32735.
Nakamura,M.,Watanabe,T.,Klangby,U.,Asker,C.,Wiman,K.,Yonekawa,Y.,Kleihues,P.&Ohgaki,H.
2001a.p14ARFdeletionandmethylationingeneticpathwaystoglioblastomas.Brainpathology,11,15968.

83

Nakamura,M.,Watanabe,T.,Yonekawa,Y.,Kleihues,P.&Ohgaki,H.2001b.Promotermethylationofthe
DNA repair geneMGMT in astrocytomas is frequently associatedwithG:C >A:Tmutations of theTP53
tumorsuppressorgene.Carcinogenesis,22,17159.
Nakamura,M., Yonekawa,Y.,Kleihues, P.&Ohgaki,H. 2001c. Promoter hypermethylation of theRB1
geneinglioblastomas.Laboratoryinvestigation;ajournaloftechnicalmethodsandpathology,81,7782.
Nakhl,F.,Chang,E.M.,Shiau,J.S.,Alastra,A.,Wrzolek,M.,Odaimi,M.,Raden,M.&Juliano,J.E.2010.
A patient with multiple synchronous gliomas of distinctly different grades and correlative radiographic
findings.Surgicalneurologyinternational,1,48.
Naldini,L.,Blomer,U.,Gallay,P.,Ory,D.,Mulligan,R.,Gage,F.H.,Verma,I.M.&Trono,D.1996.Invivo
genedeliveryandstabletransductionofnondividingcellsbyalentiviralvector.Science,272,2637.
Napier,M.P., Sharma, S.K., Springer,C. J., Bagshawe,K.D.,Green,A. J.,Martin, J., Stribbling, S.M.,
Cushen, N., Omalley, D. & Begent, R. H. 2000. Antibodydirected enzyme prodrug therapy: efficacy and
mechanism of action in colorectal carcinoma. Clinical cancer research : an official journal of the American
AssociationforCancerResearch,6,76572.
Nayak,T.,Norenberg,J.,Anderson,T.&Atcher,R.2005.Acomparisonofhighversuslowlinearenergy
transfersomatostatinreceptortargetedradionuclidetherapyinvitro.Cancerbiotherapy&radiopharmaceuticals,
20,527.
Nelson,S. J.,Vigneron,D.B.,StarLack, J.&Kurhanewicz, J.1997.Highspatial resolutionandspeed in
MRSI.NMRinbiomedicine,10,41122.
Newlands,E.S.,Stevens,M.F.,Wedge,S.R.,Wheelhouse,R.T.&Brock,C.1997.Temozolomide:areview
ofitsdiscovery,chemicalproperties,preclinicaldevelopmentandclinicaltrials.Cancertreatmentreviews,23,
3561.
Ng,P.P.,DelaCruz,J.S.,Sorour,D.N.,Stinebaugh,J.M.,Shin,S.,Shin,D.S.,Morrison,S.L.andPenichet,
M.L.2002.Anantitransferrinreceptoravidinfusionproteinexhibitsbothstronproapoptoticactivityandthe
abilitytodelivervariousmoleculesintocancercells.ProceedingsoftheNationalAcademyofSciencesoftheUnites
StatesofAmerica,99,1070610711.
Ng, W. H., Wan, G. Q. & Too, H. P. 2007. Higher glioblastoma tumour burden reduces efficacy of
chemotherapeuticagents: invitroevidence. Journalof clinicalneuroscience : official journal of theNeurosurgical
SocietyofAustralasia,14,2616.
Nieder, C., Grosu, A. L. &Molls,M. 2000. A comparison of treatment results for recurrentmalignant
gliomas.Cancertreatmentreviews,26,397409.
Niyazi,M.,Maihoefer,C.,Krause,M.,Rodel,C.,Budach,W.&Belka,C.2011.Radiotherapyandnew
drugsnewsideeffects?Radiationoncology,6,177.
Nordlund,H.R.,Hytonen,V.P.,Horha,J.,Maatta,J.A.,White,D.J.,Halling,K.,Porkka,E.J.,Slotte,J.P.,
Laitinen,O.H.&Kulomaa,M.S.2005a.Tetravalentsinglechainavidin:fromsubunitstoproteindomainsvia
circularlypermutedavidins.TheBiochemicaljournal,392,48591.
Nordlund,H.R.,Hytonen,V.P.,Laitinen,O.H.&Kulomaa,M.S.2005b.Novelavidinlikeproteinfroma
rootnodulesymbioticbacterium,Bradyrhizobiumjaponicum.TheJournalofbiologicalchemistry,280,132505.
Nordlund,H.R.,Hytonen,V.P.,Laitinen,O.H.,Uotila,S.T.,Niskanen,E.A.,Savolainen,J.,Porkka,E.&
Kulomaa,M.S.2003. Introductionofhistidineresiduesintoavidinsubunit interfacesallowspHdependent
regulationofquaternarystructureandbiotinbinding.FEBSletters,555,44954.
Noreen,R.,Pineau,R.,Chien,C.C.,CestelliGuidi,M.,Hwu,Y.,Marcelli,A.,Moenner,M.&Petibois,C.
2011.FunctionalhistologyofgliomavasculaturebyFTIRimaging.Analyticalandbioanalyticalchemistry,401,
795801.
Novotny,A.,Xiang,J.,Stummer,W.,Teuscher,N.S.,Smith,D.E.&Keep,R.F.2001.Mechanismsof5
aminolevulinicaciduptakeatthechoroidplexus.Journalofneurochemistry,75,321328.
Ogbomo,H.,Cinatl,J.,Jr.,Mody,C.H.&Forsyth,P.A.2011.Immunotherapyingliomas:limitationsand
potentialofnaturalkiller(NK)celltherapy.Trendsinmolecularmedicine,17,43341.
Ohgaki,H.,Dessen,P.,Jourde,B.,Horstmann,S.,Nishikawa,T.,DiPatre,P.L.,Burkhard,C.,Schuler,D.,
ProbstHensch,N.M.,Maiorka,P.C.,Baeza,N.,Pisani,P.,Yonekawa,Y.,Yasargil,M.G.,Lutolf,U.M.&
Kleihues,P.2004.Geneticpathwaystoglioblastoma:apopulationbasedstudy.Cancerresearch,64,68929.
Ohgaki,H.&Kleihues,P.2005a.Epidemiologyandetiologyofgliomas.Actaneuropathologica,109,93108.

84

Ohgaki, H. & Kleihues, P. 2005b. Populationbased studies on incidence, survival rates, and genetic
alterationsinastrocyticandoligodendroglialgliomas.Journalofneuropathologyandexperimentalneurology,64,
47989.
Ohgaki,H.&Kleihues,P.2007.Geneticpathwaystoprimaryandsecondaryglioblastoma.TheAmerican
journalofpathology,170,144553.
Ohgaki,H.&Kleihues,P.2009.Geneticalterationsandsignalingpathways in theevolutionofgliomas.
Cancerscience,100,223541.
Olivier, M., Goldgar, D. E., Sodha, N., Ohgaki, H., Kleihues, P., Hainaut, P. & Eeles, R. A. 2003. Li
Fraumeni and related syndromes: correlation between tumor type, family structure, and TP53 genotype.
Cancerresearch,63,664350.
Opyrchal,M., Aderca, I. & Galanis, E. 2009. Phase I clinical trial of locoregional administration of the
oncolyticadenovirusONYX015incombinationwithmitomycinC,doxorubicin,andcisplatinchemotherapy
inpatientswithadvancedsarcomas.Methodsinmolecularbiology,542,70517.
Oshiro,S.,Liu,Y.,Fukushima,T.,Asotra,K.&Black,K.L.2001.Modifiedimmunoregulationassociated
withinterferongammatreatmentofratglioma.Neurologicalresearch,23,35966.
Otsuka,A.&Abelson,J.1978.TheregulatoryregionofthebiotinoperoninEscherichiacoli.Nature,276,
68994.
Overbaugh,J.&Morris,L.2012.TheAntibodyResponseagainstHIV1.ColdSpringHarborperspectivesin
medicine,2,a007039.
Paganelli, G., Bartolomei,M., Ferrari,M., Cremonesi,M., Broggi, G.,Maira, G., Sturiale, C., Grana, C.,
Prisco,G.,Gatti,M.,Caliceti,P.&Chinol,M.2001.Pretargetedlocoregionalradioimmunotherapywith90Y
biotin in glioma patients: phase I study and preliminary therapeutic results. Cancer biotherapy &
radiopharmaceuticals,16,22735.
Paganelli,G.,Belloni,C.,Magnani,P.,Zito,F.,Pasini,A.,Sassi, I.,Meroni,M.,Mariani,M.,Vignali,M.,
Siccardi, A. G. & Et Al. 1992. Twostep tumour targetting in ovarian cancer patients using biotinylated
monoclonalantibodiesandradioactivestreptavidin.Europeanjournalofnuclearmedicine,19,3229.
Paganelli,G.,Grana,C.,Chinol,M.,Cremonesi,M.,DeCicco,C.,DeBraud,F.,Robertson,C.,Zurrida,S.,
Casadio,C.,Zoboli,S.,Siccardi,A.G.&Veronesi,U.1999.Antibodyguidedthreesteptherapyforhighgrade
gliomawithyttrium90biotin.Europeanjournalofnuclearmedicine,26,34857.
Paganelli,G.,Magnani,P.,Zito,F.,Villa,E.,Sudati,F.,Lopalco,L.,Rossetti,C.,Malcovati,M.,Chiolerio,F.,
Seccamani,E.&EtAl.1991.Threestepmonoclonalantibodytumortargeting incarcinoembryonicantigen
positivepatients.Cancerresearch,51,59606.
Page,R. L.,Thrall,D.E.,Dewhirst,M.W.,Macy,D.W.,George, S.L.,Mcentee,M.C.,Heidner,G.L.,
Novotney,C.A.,Allen,S.A.,Withrow,S.J.&EtAl.1991.PhaseIstudyofmelphalanaloneandmelphalan
pluswhole bodyhyperthermia indogswithmalignantmelanoma. International journal of hyperthermia : the
officialjournalofEuropeanSocietyforHyperthermicOncology,NorthAmericanHyperthermiaGroup,7,55966.
Pan, Q., Yang, X. J.,Wang,H.M., Dong, X. T.,Wang,W., Li, Y. & Li, J.M. 2012. Chemoresistance to
Temozolomide in Human Glioma Cell Line U251 is Associated with Increased Activity of O (6)
methylguanineDNAMethyltransferaseandCanbeOvercomebyMetronomicTemozolomideRegimen.Cell
biochemistryandbiophysics,62,18591.
Pang,B.C.,Wan,W.H.,Lee,C.K.,Khu,K.J.&Ng,W.H.2007.Theroleofsurgeryinhighgradeglioma
issurgicalresectionjustified?Areviewofthecurrentknowledge.AnnalsoftheAcademyofMedicine,Singapore,
36,35863.
Pardridge,W.M.2002a.Drugandgenedeliverytothebrain:thevascularroute.Neuron,36,5558.
Pardridge,W.M.2002b.DrugandgenetargetingtothebrainwithmolecularTrojanhorses.Naturereviews.
Drugdiscovery,1,1319.
Park, T. G. 1995. Degradation of poly(lacticcoglycolic acid) microspheres: effect of copolymer
composition.Biomaterials,16,112330.
Parney,I.F.&Chang,S.M.2003.Currentchemotherapyforglioblastoma.Cancerjournal,9,14956.
Parrott,M.B.&Barry,M.A.2000.Metabolicbiotinylationofrecombinantproteinsinmammaliancellsand
inmice.Moleculartherapy:thejournaloftheAmericanSocietyofGeneTherapy,1,96104.
Parrott, M. B. & Barry, M. A. 2001. Metabolic biotinylation of secreted and cell surface proteins from
mammaliancells.Biochemicalandbiophysicalresearchcommunications,281,9931000.

85

Parsa, A. T., Chakrabarti, I., Hurley, P. T., Chi, J. H., Hall, J. S., Kaiser, M. G. & Bruce, J. N. 2000.
Limitations of the C6/Wistar rat intracerebral glioma model: implications for evaluating immunotherapy.
Neurosurgery,47,9939;discussion9991000.
Parsons,D.W., Jones,S.,Zhang,X.,Lin, J.C.,Leary,R.J.,Angenendt,P.,Mankoo,P.,Cater,H.,Siu, I.M.,
Gallia, G.L., Olivi, A., Mclendon, R., Rasheed, B.A., Keir, S., Nikolskaya, T., Nikolsky, Y., Busam, D.A.,
Tekleab,H.,Diaz,L.A.Jr.,Hartigan,J.,Smith,D.R.,Strausberg,R.L.,Marie,S.K.,Shinjo,S.M.,Yan,H.,Riggins,
G.J.,Bigner,D.D.,Karchin,R.,Papadopoulos,N.,Parmigiani,G.,Vogelstein,B.,Velcelescu,V.E.AndKinzler,
K.W.2008.Anintegratedgenomicanalysisofhumanglioblastomamultiforme.Science,321,18071812.
Pautler,R.G.2004.MouseMRI:conceptsandapplicationsinphysiology.Physiology,19,16875.
Pawlik, T.M. And Keyomarsi, K. 2004. Role of cell cycle in mediating sensitivity to radiotherapy.
InternationalJournalofRadiationOncology,BiologyandPhysics,59,928942.
Paz, M.F., YayaTur, R., RojasMarcos, I., Reynes, G., Pollan, M., AquirreCruz, L., GarciaLopez, J.L,
Piquer,J.,Safont,M.J.,Balaña,C.,SanchezCespedes,M.,GarciaVillanueva,M.,Arribas,L.AndEsteller,M.
2004. CpG island hypermethylation of the DNA repair enzyme methyltransferase predicts response to
temozolomideinprimarygliomas.ClinicalCancerResearch,10,49334938.
Peer, D., Karp, J. M., Hong, S., Farokhzad, O. C., Margalit, R. & Langer, R. 2007. Nanocarriers as an
emergingplatformforcancertherapy.Naturenanotechnology,2,75160.
Peng,Z.2005.Current statusofgendicine inChina: recombinanthumanAdp53agent for treatmentof
cancers.Humangenetherapy,16,101627.
Penichetm M.L., Kang, Y.S., Pardridge, W.M., Morrison, S.L. and Shin S.U. 1999. An antibodyavidin
fusionprotein specific for the transferrin receptor serves as adeliveryvehicle for effective brain targeting:
initialapplicationsinantiHIVantisensedrugdeliverytothebrain.JournaofImmunology,163,44214426.
Philippe, S., Sarkis,C., Barkats,M.,Mammeri,H., Lahroue,C., Petit,C.,Mallet, J.& Serguera,C. 2006.
Lentiviralvectorswithadefectiveintegraseallowefficientandsustainedtransgeneexpressioninvitroandin
vivo.ProceedingsofthenationalacademyofsciencesoftheUnitedStatesofAmerica,103,1768417689.

Pichlmeier, U., Bink, A., Schackert, G. & Stummer, W. 2008. Resection and survival in glioblastoma
multiforme:anRTOGrecursivepartitioninganalysisofALAstudypatients.Neurooncology,10,102534.
Pichon, C., Billiet, L. &Midoux, P. 2010. Chemical vectors for gene delivery: uptake and intracellular
trafficking.Currentopinioninbiotechnology,21,6405.
Picksley, S. M. & Lane, D. P. 1993. The p53mdm2 autoregulatory feedback loop: a paradigm for the
regulationofgrowthcontrolbyp53?BioEssays:newsandreviewsinmolecular,cellularanddevelopmentalbiology,
15,68990.
Platten,M.,Wick,W.,WildBode,C.,Aulwurm,S.,Dichgans,J.&Weller,M.2000.Transforminggrowth
factors beta(1) (TGFbeta(1)) and TGFbeta(2) promote glioma cell migration via Upregulation of
alpha(V)beta(3)integrinexpression.Biochemicalandbiophysicalresearchcommunications,268,60711.
Politi,K.&Pao,W.2011.Howgeneticallyengineeredmousetumormodelsprovideinsightsintohuman
cancers.Journalofclinicaloncology:officialjournaloftheAmericanSocietyofClinicalOncology,29,227381.
Pollack,I.F.,Stewart,C.F.,Kocak,M.,Poussaint,T.Y.,Broniscer,A.,Banerjee,A.,Douglas,J.G.,Kun,L.
E., Boyett, J.M. &Geyer, J. R. 2011.A phase II study of gefitinib and irradiation in childrenwith newly
diagnosedbrainstemgliomas:areportfromthePediatricBrainTumorConsortium.Neurooncology,13,2907.
Priester,W.A.&Mantel,N.1971.Occurrenceoftumorsindomesticanimals.Datafrom12UnitedStates
andCanadiancollegesofveterinarymedicine.JournaloftheNationalCancerInstitute,47,133344.
Prochazka,M.,Gaskins,H.R.,Shultz,L.D.&Leiter,E.H.1992.Thenonobesediabeticscidmouse:model
for spontaneous thymomagenesis associatedwith immunodeficiency.Proceedings of theNationalAcademy of
SciencesoftheUnitedStatesofAmerica,89,32904.
Pugliese,L.,Coda,A.,Malcovati,M.andBolognesi,M.1993.Threedimensionalstructureofthetetragonal
crystalformofeggwhiteavidininitsfunctionalcomplexwithbiotinat2.7Aresolution.JournalofMolecular
Biology,231,698710.
Puhlmann,M.,Brown,C.K.,Gnant,M.,Huang,J.,Libutti,S.K.,Alexander,H.R.&Bartlett,D.L.2000.
Vacciniaasavectorfortumordirectedgenetherapy:biodistributionofathymidinekinasedeletedmutant.
Cancergenetherapy,7,6673.

86

Pulkkanen, K. J. & YlaHerttuala, S. 2005. Gene therapy for malignant glioma: current clinical status.
Moleculartherapy:thejournaloftheAmericanSocietyofGeneTherapy,12,58598.
Raizer,J.J.,Abrey,L.E.,Lassman,A.B.,Chang,S.M.,Lamborn,K.R.,Kuhn,J.G.,Yung,W.K.,Gilbert,
M.R.,Aldape,K.D.,Wen,P.Y.,Fine,H.A.,Mehta,M.,Deangelis,L.M.,Lieberman,F.,Cloughesy,T.F.,
Robins,H. I.,Dancey, J.&Prados,M.D. 2010.Aphase I trial of erlotinib inpatientswithnonprogressive
glioblastomamultiformepostradiation therapy,and recurrentmalignantgliomasandmeningiomas.Neuro
oncology,12,8794.
Rao,R.D.&James,C.D.2004.Alteredmolecularpathwaysingliomas:anoverviewofclinicallyrelevant
issues.Seminarsinoncology,31,595604.
Rasheed,B.K.,Mclendon,R.E.,Friedman,H.S.,Friedman,A.H.,Fuchs,H.E.,Bigner,D.D.&Bigner,S.
H.1995.Chromosome10deletionmappinginhumangliomas:acommondeletionregionin10q25.Oncogene,
10,22436.
Räty, J.K., Airenne, K.J., Marttila, A.T., Marjomäki, V., Hytönen, V.P., Lehtolainen, P., Laitinen, O.H.,
Mähönen, A.J., Kulomaa, M.S. and YläHerttuala, S. 2004. Enhanced gene delivery by avidindisplaying
baculovirus.MolecularTherapy,9,282291.
Raty,J.K.,Liimatainen,T.,Huhtala,T.,Kaikkonen,M.U.,Airenne,K.J.,Hakumaki,J.M.,Narvanen,A.&
YlaHerttuala,S.2007a.SPECT/CTimagingofbaculovirusbiodistributioninrat.Genetherapy,14,9308.
Raty, J.K.,Liimatainen,T.,UnelmaKaikkonen,M.,Grohn,O.,Airenne,K. J.&YlaHerttuala,S. 2007b.
NoninvasiveImaginginGeneTherapy.Moleculartherapy:thejournaloftheAmericanSocietyofGeneTherapy,
15,157986.
Reifenberger, G., Liu, L., Ichimura, K., Schmidt, E. E. & Collins, V. P. 1993. Amplification and
overexpressionof theMDM2gene ina subsetofhumanmalignantgliomaswithoutp53mutations.Cancer
research,53,27369.
Reith, M.E.A., Handbook of neurochemistry and molecular neurobiology, 3rd edition. Springer
Science+BusinessMedia,LLC.
ReschGenger,U.,Grabolle,M.,CavaliereJaricot,S.,Nitschke,R.&Nann,T.2008.Quantumdotsversus
organicdyesasfluorescentlabels.Naturemethods,5,76375.
Reuss, D. & VonDeimling, A. 2009.Hereditary tumor syndromes and gliomas.Recent results in cancer
research.FortschrittederKrebsforschung.Progresdanslesrecherchessurlecancer,171,83102.
Rheme, C., Ehrengruber,M. U. & Grandgirard, D. 2005. Alphaviral cytotoxicity and its implication in
vectordevelopment.Experimentalphysiology,90,4552.
Roizman,B.a.P.,P.E.2001.ThefamilyHerpesviridae:ABriefIntroduction,Philadelphia,LippicottWilliams
&Wilkins.
Rong,Y.&Welsh,J.2010.BasicsofparticletherapyIIbiologicanddosimetricaspectsofclinicalhadron
therapy.Americanjournalofclinicaloncology,33,6469.
Rosebrough, S. F. 1993. Pharmacokinetics and biodistribution of radiolabeled avidin, streptavidin and
biotin.Nuclearmedicineandbiology,20,6638.
Rubsam,L.Z.,Davidson,B.L.&Shewach,D. S. 1998. Superior cytotoxicitywithganciclovir compared
with acyclovir and 1betaDarabinofuranosylthymine inherpes simplexvirusthymidine kinaseexpressing
cells:anovelparadigmforcellkilling.Cancerresearch,58,387382.
Rueger,M.A.,Ameli,M.,Li,H.,Winkeler,A.,Rueckriem,B.,Vollmar,S.,Galldiks,N.,Hesselmann,V.,
Fraefel,C.,Wienhard,K.,Heiss,W.D.& Jacobs,A.H. 2011. [18F]FLTPET fornoninvasivemonitoringof
early response to gene therapy in experimental gliomas.Molecular imaging and biology : MIB : the official
publicationoftheAcademyofMolecularImaging,13,54757.
Russell,W.R.,Gratz, S.W.,Duncan, S.H.,Holtrop,G., Ince, J., Scobbie,L.,Duncan,G., Johnstone,A.M.,
Lobley,G.E.,Wallace,R.J.,Duthie,G.G.AndFlint,H.J.2011.Highprotein,reducedcarbohydrateweightloss
diets promote metabolite profiles likely to be detrimental to colonic health. American Journal of Clinical
Nutrition,93,10621072.
Ryan,P.,Lee,M.W.,North,B.&Mcmichael,A. J.1992.Amalgamfillings,diagnosticdentalxraysand
tumoursofthebrainandmeninges.Europeanjournalofcancer.PartB,Oraloncology,28B,915.
Saenger, E. L., Silverman, F. N., Sterling, T. D. & Turner,M. E. 1960. Neoplasia following therapeutic
irradiationforbenignconditionsinchildhood.Radiology,74,889904.

87

Salazar, O. M., Rubin, P., Feldstein, M. L. & Pizzutiello, R. 1979. High dose radiation therapy in the
treatmentofmalignantgliomas:finalreport.Internationaljournalofradiationoncology,biology,physics,5,1733
40.
Salvati,M., Delia, A.,Melone, G. A., Brogna, C., Frati, A., Raco, A. &Delfini, R. 2008. Radioinduced
gliomas:20yearexperienceandcriticalreviewofthepathology.Journalofneurooncology,89,16977.
Salvati,M.,Frati,A.,Russo,N.,Caroli,E.,Polli,F.M.,Minniti,G.&Delfini,R.2003.Radiationinduced
gliomas:reportof10casesandreviewoftheliterature.Surgicalneurology,60,607;discussion67.
Samaniego,L.A.,Neiderhiser,L.&Deluca,N.A.1998.Persistenceandexpressionoftheherpessimplex
virusgenomeintheabsenceofimmediateearlyproteins.Journalofvirology,72,330720.
Samaranayake,H.,Maatta,A.M.,Pikkarainen,J.&YlaHerttuala,S.2010.Futureprospectsandchallenges
ofantiangiogeniccancergenetherapy.Humangenetherapy,21,38196.
Samols,D.,Thornton,C.G.,Murtif,V.L.,Kumar,G.K.,Haase,F.C.&Wood,H.G.1988.Evolutionary
conservationamongbiotinenzymes.TheJournalofbiologicalchemistry,263,64614.
Sandmair,A.M.,Turunen,M.,Tyynelä,K.,Loimas,S.,Vainio,P.,Vanninen,R.,Vapalahti,M.,Bjerkvig,R.,
Jänne, J.&YläHerttuala,S.2000.Herpessimplexvirus thymidinekinasegene therapy inexperimental rat
BT4Cgliomamodel: effect of thepercentage of thymidinekinasepositive glioma cells on treatment effect,
survivaltime,andtissuereactions.Cancergenetherapy,7,413421.
Sandström,M.,Johansson,M.,Sandström,J.,Bergenheim,A.T.&Henriksson,R.1999.Expressionofthe
proteolyticfactors,tPAanduPA,PAI1andVEGFduringmalignantgliomaprogression.Internationaljournal
ofdevelopmentalneuroscience,17,473481.
Sannomiya,T.,Hafner,C.&Voros,J.2009.Shapedependentsensitivityofsingleplasmonicnanoparticles
forbiosensing.Journalofbiomedicaloptics,14,064027.
Sant,V.P.&Nagarsenker,M.S.2011.Synthesisofmonomethoxypolyethyleneglycolcholesterylesterand
effectofitsincorporationinliposomes.AAPSPharmSciTech,12,105663.
Sastry, L., Johnson, T., Hobson, M. J., Smucker, B. & Cornetta, K. 2002. Titering lentiviral vectors:
comparisonofDNA,RNAandmarkerexpressionmethods.Genetherapy,9,115562.
Scharfen,C.O., Sneed,P.K.,Wara,W.M.,Larson,D.A.,Phillips,T.L., Prados,M.D.,Weaver,K.A.,
Malec,M.,Acord,P.,Lamborn,K.R.&EtAl.1992.Highactivityiodine125interstitialimplantforgliomas.
Internationaljournalofradiationoncology,biology,physics,24,58391.
Schechter,B.,Silberman,R.,Arnon,R.&Wilchek,M.1990.Tissuedistributionofavidinandstreptavidin
injectedtomice.Effectofavidincarbohydrate,streptavidintruncationandexogenousbiotin.Europeanjournal
ofbiochemistry/FEBS,189,32731.
Schiepers, C., Dahlbom,M., Chen, W., Cloughesy, T., Czernin, J., Phelps, M. E. & Huang, S. C. 2010.
Kinetics of 3deoxy318Ffluorothymidine during treatment monitoring of recurrent highgrade glioma.
Journalofnuclearmedicine:officialpublication,SocietyofNuclearMedicine,51,7207.
Schildkopf, P., Ott, O. J., Frey, B.,Wadepohl,M., Sauer, R., Fietkau, R. & Gaipl, U. S. 2010. Biological
rationales and clinical applications of temperature controlled hyperthermiaimplications for multimodal
cancertreatments.Currentmedicinalchemistry,17,304557.
Schlaak,M.,Schmidt,P.,Bangard,C.,Kurschat,P.,Mauch,C.&Abken,H.2012.Regressionofmetastatic
melanomainapatientbyantibodytargetingofcancerstemcells.Oncotarget.
Schlehofer,B.,Blettner,M.,Becker,N.,Martinsohn,C.&Wahrendorf,J.1992.Medicalriskfactorsandthe
developmentofbraintumors.Cancer,69,25417.
Schmidek,H.H.,Nielsen,S.L.,Schiller,A.L.&Messer,J.1971.Morphologicalstudiesofratbraintumors
inducedbyNnitrosomethylurea.Journalofneurosurgery,34,33540.
SchmidtWolf,G.D.&SchmidtWolf,I.G.2003.Nonviralandhybridvectorsinhumangenetherapy:an
update.Trendsinmolecularmedicine,9,6772.
Schneider,S.,W.,Ludwig,T.,Tatenhorst,L.,Braune,S.,Oberleithner,H.,Senner,V.&Paulus,W.2004.
Glioblastoma cells release factors thatdisturpb bloodbrain barrier features.Acta neuropathologica,107, 272
276.
Schuler,W.,Weiler,I.J.,Schuler,A.,Phillips,R.A.,Rosenberg,N.,Mak,T.W.,Kearney,J.F.,Perry,R.P.&
Bosma, M. J. 1986. Rearrangement of antigen receptor genes is defective in mice with severe combined
immunedeficiency.Cell,46,96372.

88

Schwartzbaum, J.A., Fisher, J.L., Aldape, K.D. And Wrensch, M. 2006. Epidemiology and molecular
pathologyofglioma.NatureClinicalPractiseNeurology,2,494503.
See,S. J.&Gilbert,M.R.2007.Chemotherapyinadultswithgliomas.Annalsof theAcademyofMedicine,
Singapore,36,3646.
Shenk, T. E. 2001. Adenoviridae: The Viruses and Their Replication, Philadelphia, Lippincott Williams &
Wilkins.
Sherman,M.P.&Greene,W.C.2002.Slippingthroughthedoor:HIVentryintothenucleus.Microbesand
infection/InstitutPasteur,4,6773.
Sherr, C. J. & Roberts, J. M. 1999. CDK inhibitors: positive and negative regulators of G1phase
progression.Genes&development,13,150112.
Sibenaller,Z.A.,Etame,A.B.,Ali,M.M.,Barua,M.,Braun,T.A.,Casavant,T.L.&Ryken,T.C.2005.
Genetic characterizationof commonlyusedglioma cell lines in the rat animalmodel system.Neurosurgical
focus,19,E1.
Silva,A.C.,Oliveira,T.R.,Mamani,J.B.,Malheiros,S.M.,Malavolta,L.,Pavon,L.F.,Sibov,T.T.,Amaro,
E., Jr., Tannus, A., Vidoto, E. L., Martins, M. J., Santos, R. S. & Gamarra, L. F. 2011. Application of
hyperthermia induced by superparamagnetic iron oxide nanoparticles in glioma treatment. International
journalofnanomedicine,6,591603.
Singh,R.K.&Mathur,L.K.1990.Managementofhaemophiliacinoralsurgicalprocedure.JournalofPierre
FauchardAcademy,4,193200.
Singh, R. P. & Agarwal, R. 2003. Tumor angiogenesis: a potential target in cancer control by
phytochemicals.Currentcancerdrugtargets,3,20517.
Singla, A. K., Garg, A. & Aggarwal, D. 2002. Paclitaxel and its formulations. International journal of
pharmaceutics,235,17992.
Skarlatos,S.,Yoshikawa,T.&Pardridge,W.M.1995.Transportof[125I]transferrinthroughtheratblood
brainbarrier.Brainresearch,683,16471.
Smith,A.M.&Nie,S.2010.Semiconductornanocrystals:structure,properties,andbandgapengineering.
Accountsofchemicalresearch,43,190200.
Smith,J.S.,Tachibana,I.,Passe,S.M.,Huntley,B.K.,Borell,T.J.,Iturria,N.,Ofallon,J.R.,Schaefer,P.L.,
Scheithauer,B.W.,James,C.D.,Buckner,J.C.&Jenkins,R.B.2001.PTENmutation,EGFRamplification,and
outcomeinpatientswithanaplasticastrocytomaandglioblastomamultiforme.Journalof theNationalCancer
Institute,93,124656.
Sompayrac,L.2004.HowCancerWorks,Jones&BartlettLearning.
Specenier,P.2012.Bevacizumabinglioblastomamultiforme.ExpertReviewsonAnticancerTherapies,12,9
18.
Steck,P.A.,Pershouse,M.A.,Jasser,S.A.,Yung,W.K.,Lin,H.,Ligon,A.H.,Langford,L.A.,Baumgard,
M.L.,Hattier,T.,Davis,T.,Frye,C.,Hu,R.,Swedlund,B.,Teng,D.H.&Tavtigian,S.V.1997.Identification
of a candidate tumour suppressor gene, MMAC1, at chromosome 10q23.3 that is mutated in multiple
advancedcancers.Naturegenetics,15,35662.
Stewart,B.W.a.K.P.(ed.)2003.WorldCancerReport,Lyons:IARCPress.
Stoica,G.,Kim,H.T.,Hall,D.G.&Coates, J.R.2004.Morphology, immunohistochemistry,andgenetic
alterationsindogastrocytomas.Veterinarypathology,41,109.
Stolz,J.,Ludwig,A.&Sauer,N.1998.Bacteriophagelambdasurfacedisplayofabacterialbiotinacceptor
domainrevealstheminimalpeptidesizerequiredforbiotinylation.FEBSletters,440,2137.
Stoorvogel, W., Geuze, H. J. & Strous, G. J. 1987. Sorting of endocytosed transferring and
asialoglycoprotein occurs immediately after internalization inHepG2 cells. Journal of cell biology,104, 1261
1268.
Strauss, J. H. & Strauss, E. G. 1994. The alphaviruses: gene expression, replication, and evolution.
Microbiologicalreviews,58,491562.
Strebhardt,K.&Ullrich,A.2008.PaulEhrlichsmagicbulletconcept:100yearsofprogress.Naturereviews.
Cancer,8,47380.
Strååt, K., Liu, C., Rahbar, A., Zhu, Q., Liu, L.,WolmerSoldberg, N., Lou, F., Shen, J., Jia, J., Kyo, S.,
Björkholm, M., Sjöberj, J., SöderbergNaucler, C. and Xu, D. 2009. Activation of telomerase by human
cytomegalovirus.JournalofNationalCancerInstitute,101,488497.

89

Stubblefield,M.D.2011.Radiationfibrosissyndrome:neuromuscularandmusculoskeletalcomplications
incancersurvivors.PM&R:thejournalofinjury,function,andrehabilitation,3,104154.
Stuhr,L.E.,Raa,A.,Oyan,A.M.,Kalland,K.H.,Sakariassen,P.O.,Petersen,K.,Bjerkvig,R.&Reed,R.K.
2007.Hyperoxiaretardsgrowthandinducesapoptosis,changesinvasculardensityandgeneexpression in
transplantedgliomasinnuderats.Journalofneurooncology,85,191202.
Stupp,R.,Dietrich,P.Y.,OstermannKraljevic,S.,Pica,A.,Maillard, I.,Maeder,P.,Meuli,R., Janzer,R.,
Pizzolato, G., Miralbell, R., Porchet, F., Regli, L., De Tribolet, N., Mirimanoff, R. O. & Leyvraz, S. 2002.
Promising survival for patients with newly diagnosed glioblastoma multiforme treated with concomitant
radiationplustemozolomidefollowedbyadjuvanttemozolomide.Journalofclinicaloncology:officialjournalof
theAmericanSocietyofClinicalOncology,20,137582.
Stupp,R.,Hegi,M.E.,Mason,W.P.,VanDenBent,M. J.,Taphoorn,M.J., Janzer,R.C.,Ludwin,S.K.,
Allgeier,A.,Fisher,B.,Belanger,K.,Hau,P.,Brandes,A.A.,Gijtenbeek,J.,Marosi,C.,Vecht,C.J.,Mokhtari,
K.,Wesseling,P.,Villa,S.,Eisenhauer,E.,Gorlia,T.,Weller,M.,Lacombe,D.,Cairncross,J.G.&Mirimanoff,
R.O.2009.Effectsofradiotherapywithconcomitantandadjuvanttemozolomideversusradiotherapyalone
onsurvival inglioblastoma ina randomisedphase III study:5yearanalysisof theEORTCNCIC trial.The
lancetoncology,10,45966.
Subramanian, N. & Adiga, P. R. 1997. Mapping the common antigenic determinants in avidin and
streptavidin.Biochemistryandmolecularbiologyinternational,43,37582.
Sugahara,T.,Korogi,Y.,Kochi,M., Ikushima, I.,Hirai,T.,Okuda,T., Shigematsu,Y.,Liang,L.,Ge,Y.,
Ushio,Y.&Takahashi,M. 1998.CorrelationofMR imagingdetermined cerebral bloodvolumemapswith
histologic and angiographicdeterminationof vascularity of gliomas.AJR.American journal of roentgenology,
171,147986.
Suomalainen, M., Liljestrom, P. & Garoff, H. 1992. Spike proteinnucleocapsid interactions drive the
buddingofalphaviruses.Journalofvirology,66,473747.
Svenson, S. 2009. Dendrimers as versatile platform in drug delivery applications. European journal of
pharmaceutics and biopharmaceutics : official journal of Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik
e.V,71,44562.
Takano, S. 2012. Glioblastoma angiogenesis: VEGF resistance solutions and new strategies based on
molecularmechanismsoftumorvesselformation.Braintumorpathology.
Tanimoto,A.,Oshio,K.,Suematsu,M.,Pouliquen,D.&Stark,D.D.2001.Relaxationeffectsofclustered
particles.Journalofmagneticresonanceimaging:JMRI,14,727.
Telang,S.,Rasku,M.A.,Clem,A.L.,Carter,K.,Klarer,A.C.,Badger,W.R.,Milam,R.A.,Rai,S.N.,Pan,
J.,Gragg,H.,Clem,B.F.,Mcmasters,K.M.,Miller,D.M.&Chesney,J.2011.PhaseIItrialoftheregulatoryT
celldepleting agent, denileukin diftitox, in patientswithunresectable stage IVmelanoma.BMC cancer, 11,
515.
Tenenbaum, L., Lehtonen, E. &Monahan, P. E. 2003. Evaluation of risks related to the use of adeno
associatedvirusbasedvectors.Currentgenetherapy,3,54565.
Thompson, E.M., Frenkel, E. P. &Neuwelt, E. A. 2011. The paradoxical effect of bevacizumab in the
therapyofmalignantgliomas.Neurology,76,8793.
Tohma,Y.,Gratas,C.,Biernat,W.,Peraud,A.,Fukuda,M.,Yonekawa,Y.,Kleihues,P.&Ohgaki,H.1998.
PTEN (MMAC1) mutations are frequent in primary glioblastomas (de novo) but not in secondary
glioblastomas.Journalofneuropathologyandexperimentalneurology,57,6849.
Torchilin,V.P.2007.Nanocarriers.Pharmaceuticalresearch,24,23334.
Ueno,M.,Nakagawa,T.,Wu,B.,Onodera,M.,Huang,C.L.,Kusaka,T.,Araki,N.&Sakamoto,H.2010.
Transportersinthebrainendothelialbarrier.Currentmedicinalchemistry,17,112538.
VahaKoskela,M. J., Kallio, J. P., Jansson, L. C.,Heikkila, J. E., Zakhartchenko, V.A., Kallajoki,M.A.,
Kahari,V.M.&Hinkkanen,A.E. 2006.Oncolytic capacityof attenuated replicative semliki forest virus in
humanmelanomaxenograftsinseverecombinedimmunodeficientmice.Cancerresearch,66,718594.
Walecki, J., Tarasow, E., Kubas, B., Czemicki, Z., Lewko, J., Podgorski, J., Sokol, M. & Grieb, P. 2003.
Hydrogen1MR spectroscopy of the peritumoral zone in patientswith cerebral glioma: assessment of the
valueofthemethod.Academicradiology,10,14553.
Walker,M.D.,Alexander,E.,Jr.,Hunt,W.E.,Maccarty,C.S.,Mahaley,M.S.,Jr.,Mealey,J.,Jr.,Norrell,H.
A.,Owens,G.,Ransohoff, J.,Wilson,C.B.,Gehan,E.A.& Strike, T.A. 1978. EvaluationofBCNUand/or

90

radiotherapy in the treatment of anaplastic gliomas.A cooperative clinical trial. Journal of neurosurgery, 49,
33343.
Walker, M. D., Green, S. B., Byar, D. P., Alexander, E., Jr., Batzdorf, U., Brooks, W. H., Hunt, W. E.,
Maccarty,C.S.,Mahaley,M.S.,Jr.,Mealey,J.,Jr.,Owens,G.,Ransohoff,J.,2nd,Robertson,J.T.,Shapiro,W.
R., Smith, K. R., Jr., Wilson, C. B. & Strike, T. A. 1980. Randomized comparisons of radiotherapy and
nitrosoureas for the treatment ofmalignant glioma after surgery.TheNewEngland journal ofmedicine, 303,
13239.
Walsh,S.R.&Dolin,R.2011.Vacciniaviruses:vaccinesagainstsmallpoxandvectorsagainst infectious
diseasesandtumors.Expertreviewofvaccines,10,122140.
Van Laere, K., Ceyssens, S., Van Calenbergh, F., De Groot, T., Menten, J., Flamen, P., Bormans, G. &
Mortelmans, L. 2005. Direct comparison of 18FFDG and 11Cmethionine PET in suspected recurrence of
glioma: sensitivity, interobserver variability and prognostic value.European journal of nuclear medicine and
molecularimaging,32,3951.
Van Vlerken, L. E., Duan, Z., Little, S. R., Seiden, M. V. & Amiji, M. M. 2008. Biodistribution and
pharmacokinetic analysis of Paclitaxel and ceramide administered in multifunctional polymerblend
nanoparticlesindrugresistantbreastcancermodel.Molecularpharmaceutics,5,51626.
Wang,J.,Byrne,J.D.,Napier,M.E.&Desimone,J.M.2011.Moreeffectivenanomedicinesthroughparticle
design.Small,7,191931.
Vapalahti,M., Puumalainen,A. –M.&YläHerttuala, S. 1997.Geenihoidon lainsäädännölliset ja eettiset
ongelmat.Suomenlääkärilehti,52,25462550.
Wasserfallen,J.B.,Ostermann,S.,Leyvraz,S.&Stupp,R.2005.Costoftemozolomidetherapyandglobal
careforrecurrentmalignantgliomasfolloweduntildeath.Neurooncology,7,18995.
Vauleon,E.,Avril,T.,Collet,B.,Mosser, J.&Quillien,V.2010.Overviewofcellular immunotherapyfor
patientswithglioblastoma.Clinical&developmentalimmunology,2010.
Weissleder,R.,Elizondo,G.,Wittenberg,J.,Rabito,C.A.,Bengele,H.H.&Josephson,L.1990.Ultrasmall
superparamagneticironoxide:characterizationofanewclassofcontrastagentsforMRimaging.Radiology,
175,48993.
Weizsacker,M.,Nagamune,A.,Winkelstroter, R.,Vieten,H.&Wechsler,W. 1982.Radiation anddrug
responseoftheratgliomaRG2.Europeanjournalofcancer&clinicaloncology,18,8915.
Weller, M. & Fontana, A. 1995. The failure of current immunotherapy for malignant glioma. Tumor
derived TGFbeta, Tcell apoptosis, and the immune privilege of the brain. Brain research. Brain research
reviews,21,12851.
Wesley,J.,Whitmore,J.,Trager,J.AndSheikh,N.2012.AnoverviewofsipuleucelT:Autologouscellular
immunotherapyforprostatecancer.HumanVaccinationImmunotherapy,8,Electricpublicationaheadofprint.
Verma, I. M. &Weitzman, M. D. 2005. Gene therapy: twentyfirst century medicine.Annual review of
biochemistry,74,71138.
Stummer, H., Reulen, H. –J., Novotny, A., Stepp, H. & Tonn, J. –C. Fluorescenceguided resections of
malignantgliomas.InWestphal,M.,Tonn,J.–C.&Ram,Z.,2003.Localtherapiesforglioma:presentstatus
andfuturedevelopments(Actaneurochirurgicasupplementum).Springer,181p.
Whittle, I. R., Pringle, A. M. & Taylor, R. 1998. Effects of resective surgery for leftsided intracranial
tumoursonlanguagefunction:aprospectivestudy.Lancet,351,10148.
Vieville, J.,Tanty,M.&Delsuc,M.A.2011.Polydispersity indexofpolymers revealedbyDOSYNMR.
Journalofmagneticresonance,212,16973.
Weber, P.C., Ohlendorf, D.H., Wendoloski, J.J., Salemme, F.R. 1989. Structural origins of highaffinity
biotinbindingtostreptavidin.Science,243,8588.
Wilchek,M.&Bayer,E.A.1990.Introductiontoavidinbiotintechnology.Methodsinenzymology,184,513.
Wilchek,M.,Bayer,E.A.&Livnah,O.2006.Essentialsofbiorecognition:the(strept)avidinbiotinsystem
asamodelforproteinproteinandproteinligandinteraction.Immunologyletters,103,2732.
WildBode, C., Weller, M., Rimner, A., Dichgans, J. & Wick, W. 2001. Sublethal irradiation promotes
migration and invasiveness of glioma cells: implications for radiotherapy of human glioblastoma. Cancer
research,61,274450.
Wilhelm,I.,Fazakas,C.&Krizbai,I.A.2011.Invitromodelsofthebloodbrainbarrier.Actaneurobiologiae
experimentalis,71,11328.

91

Williams,G.V.a.F.,P.1997.CytologicalChangesandViralMorphogenesisDuringBaculovirusInfection,New
York,PlenumPress.
Wischke,C.,Neffe,A.,Lendlein,A.2010.Controlleddrugrelease frombiodegradable shapememorypolymers,
Berlin,SpringerVerlag.
Vitaz,T.W.,Warnke,P.C.,Tabar,V.&Gutin,P.H.2005.Brachytherapyforbraintumors.Journalofneuro
oncology,73,7186.
Vitvitsky,V.M.,Ataullakhanov,F.A.&Sinauridze,E.I.1992.ATPmonitoringinhumanredbloodcells
withluciferaseintroducedintracellularly.Advancesinexperimentalmedicineandbiology,326,14956.
Wollmann, G., Ozduman, K. & Van Den Pol, A. N. 2012. Oncolytic virus therapy for glioblastoma
multiforme:conceptsandcandidates.Cancerjournal,18,6981.
Wollmann,G.,Tattersall,P.&VanDenPol,A.N.2005.Targetinghumanglioblastomacells:comparisonof
nineviruseswithoncolyticpotential.Journalofvirology,79,600522.
Wong, R. S., Kapp, L. N., Krishnaswamy, G. & Dewey, W. C. 1993. Critical steps for induction of
chromosomalaberrationsinCHOcellsheatedinSphase.Radiationresearch,133,529.
Wu, C., Virzi, F. & Hnatowich, D. J. 1992. Investigations of Nlinked macrocycles for 111In and 90Y
labelingofproteins.Internationaljournalofradiationapplicationsandinstrumentation.PartB,Nuclearmedicineand
biology,19,23944.
Wu,Z.,Asokan,A.&Samulski,R.J.2006.Adenoassociatedvirusserotypes:vectortoolkitforhumangene
therapy.Moleculartherapy:thejournaloftheAmericanSocietyofGeneTherapy,14,31627.
Wurker,M.,Herholz, K., Voges, J., Pietrzyk, U., Treuer, H., Bauer, B., Sturm, V. &Heiss,W. D. 1996.
Glucoseconsumptionandmethionineuptakeinlowgradegliomasafteriodine125brachytherapy.European
journalofnuclearmedicine,23,5836.
Xu, J., Zhao, J. H., Liu, Y., Feng, N. P. & Zhang, Y. T. 2012. RGDmodified poly(D,Llactic acid)
nanoparticlesenhancetumortargetingoforidonin.Internationaljournalofnanomedicine,7,2119.
Xu,X.,Khan,M.A.&Burgess,D.J.2011.Aqualitybydesign(QbD)casestudyonliposomescontaining
hydrophilicAPI:I.Formulation,processingdesignandriskassessment.Internationaljournalofpharmaceutics,
419,529.
Yamasaki,T.,Moritake,K.&Klein,G.2003.Experimentalappraisalofthelackofantitumornaturalkiller
cellmediated immunosurveillance in response to lymphomas growing in the mouse brain. Journal of
neurosurgery,98,599606.
Yan,X.,Ma,L.,Yi,D.,Yoon,J.G.,Diercks,A.,Foltz,G.,Price,N.D.,Hood,L.E.&Tian,Q.2011.ACD133
related gene expression signature identifies an aggressive glioblastoma subtypewith excessivemutations.
ProceedingsoftheNationalAcademyofSciencesoftheUnitedStatesofAmerica,108,15916.
Yanase, M., Shinkai, M., Honda, H., Wakabayashi, T., Yoshida, J. & Kobayashi, T. 1998. Antitumor
immunity induction by intracellular hyperthermia using magnetite cationic liposomes. Japanese journal of
cancerresearch:Gann,89,77582.
Yguerabide, J.&Yguerabide,E.E.1998a.Lightscatteringsubmicroscopicparticlesashighly fluorescent
analogsandtheiruseastracerlabelsinclinicalandbiologicalapplications.Analyticalbiochemistry,262,15776.
Yguerabide, J.&Yguerabide,E.E.1998b.Lightscatteringsubmicroscopicparticlesashighly fluorescent
analogsandtheiruseastracerlabelsinclinicalandbiologicalapplications.Analyticalbiochemistry,262,13756.
YläHerttuala,S.2009.Geenihoito.Duodecim,125,17291739.
Yoshii, Y., Satou,M., Yamamoto, T., Yamada, Y.,Hyodo,A.,Nose, T., Ishikawa,H.&Hatakeyama, R.
1993.Theroleofthallium201singlephotonemissiontomographyintheinvestigationandcharacterisationof
braintumoursinmanandtheirresponsetotreatment.Europeanjournalofnuclearmedicine,20,3945.
Zempleni, J.2005.Uptake, localization,andnoncarboxylaserolesofbiotin.Annualreviewofnutrition,25,
17596.
Zempleni, J., Hassan, Y. I. & Wijeratne, S. S. 2008. Biotin and biotinidase deficiency. Expert review of
endocrinology&metabolism,3,715724.
Zempleni,J.&Mock,D.M.1999.Biotinbiochemistryandhumanrequirements.TheJournalofnutritional
biochemistry,10,12838.
Zhang,B.Y.,Chen,H.,Geng,D.Y.,Yin,B.,Li,Y.X.,Zhong,P.,Wu,J.S.&Wang,X.Q.2011a.Computed
tomographyandmagneticresonancefeaturesofgliosarcoma:astudyof54cases.Journalofcomputerassisted
tomography,35,66773.

92


Zhang, J.,Stevens,M.F.,Hummersone,M.,Madhusudan,S.,Laughton,C.A.&Bradshaw,T.D.2011b.
CertainimidazotetrazinesescapeO6methylguanineDNAmethyltransferaseandmismatchrepair.Oncology,
80,195207.
Zhang, Y.&Pardridge,W.M. 2001a.Mediated efflux of IgGmolecules frombrain to blood across the
bloodbrainbarrier.Journalofneuroimmunology,114,16872.
Zhang,Y.&Pardridge,W.M.2001b.Rapidtransferrineffluxfrombraintobloodacrossthebloodbrain
barrier.Journalofneurochemistry,76,1597600.
Zheng,T.,Cantor,K.P.,Zhang,Y.,Chiu,B.C.&Lynch,C.F.2001.Riskofbraingliomanotassociated
withcigarettesmokingoruseofothertobaccoproductsinIowa.Cancerepidemiology,biomarkers&prevention:
a publication of the American Association for Cancer Research, cosponsored by the American Society of Preventive
Oncology,10,4134.
Zhou,Q.H.,Boado,R.J.,Hui,E.K.,Lu,J.Z.&Pardridge,W.M.2011.Brainpenetratingtumornecrosis
factordecoyreceptorinthemouse.Drugmetabolismanddisposition:thebiologicalfateofchemicals,39,716.
Zufferey,R.,Nagy,D.,Mandel,R. J.,Naldini,L.&Trono,D.1997.Multiplyattenuated lentiviralvector
achievesefficientgenedeliveryinvivo.Naturebiotechnology,15,8715.
Zufferey, R., Dull, T., Mandel, R. J., Bukovsky, A., Quiroz, D., Naldini, L. & Trono, D. 1998. Self
inactivatinglentivirusvectorforsafeandefficientinvivogenedelivery.Journalofvirology,72,98739880.




Publications of the University of Eastern Finland
Dissertations in Health Sciences
isbn 978-952-61-0762-2
Publications of the University of Eastern Finland
Dissertations in Health Sciences
d
issertatio
n
s | 10
9 | Jer
e T
. P
ik
k
a
r
a
in
en
 | A
vidin-B
iotin T
echn
ology an
d T
argeted T
reatm
ent of M
align
ant G
liom
a
Jere T. Pikkarainen
Avidin-Biotin Technology
and Targeted Treatment
of Malignant Glioma Jere T. Pikkarainen
Avidin-Biotin Technology 
and Targeted Treatment 
of Malignant Glioma
Glioblastoma multiforme is the most 
malignant brain tumor. Its treatment 
is hindered by the side-effects caused 
by the systemic chemotherapy. By 
targeted therapy, treatment is guided 
specifically into the tumor. This the-
sis aimed to develop a new targeted 
administration method using avidin-
biotin technology. Avidin-fusion 
protein was characterized in several 
targeting and imaging studies. The 
results showed that targeting offers 
significant improvements for treat-
ment strategies. 
